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ABSTRACT
RICHARD A. BROWN.  Formation of Halogenated Organics DuringWastewater Chlorination (Under the direction of PHILIP C.SINGER).
Wastewater chlorination may reduce the number of
pathogens in wastewater effluents and may beneficially
impact the microbiological quality of waters receiving these
chlorinated discharges.  However, there is concern that
current wastewater chlorination practices may not be
effective in achieving the above goals and may, in fact,
produce toxic chlorination by-products that are detrimental
to the water quality of the receiving water.  Halogenated
organic (halo-organic) compounds are one class of wastewater
chlorination by-products that are of environmental and
public health concern. The formation of halo-organics
during drinking water chlorination has been heavily
researched, but less research has been devoted to the
formation of these compounds during wastewater chlorination.
The research described in this report involves an
investigation of halo-organic formation during wastewater
chlorination in field and laboratory studies.  The field
studies focused on the formation of halo-organics at several
locations after chlorination at three wastewater treatment
plants.  Total organic halogen (TOX), THMs, and the residual
chlorine were monitored at each sample location with samples
of unchlorinated wastewater analyzed for organic content and
ammonia concentration.  Even though the chlorine dose,
organic content, and ammonia concentration were different at
these facilities, the results were similar.  The results
showed that TOX was present in the unchlorinated wastewater
and that additional TOX was formed immediately after
chlorine addition. TOX formation did not increase with
increasing contact time.  THM formation was not significant
at any of the treatment plants.  The amount of TOX formed as
a result of wastewater chlorination was not significantly
greater than the amount of TOX present in the unchlorinated
wastewater.
The laboratory experiments were conducted in order to
investigate the influence of chlorine dose, contact time,
initial mixing intensity, and ammonia concentration.  At
chlorine doses similar to those commonly encountered during
wastewater chlorination, TOX formed immediately after
chlorine addition, but no additional TOX formation was
detected with increasing contact time.  TOX and THM
formation were sensitive to the ammonia concentration when
chlorine-ammonia ratios were greater than 1 mol/mol (above
the "hump" of the breakpoint curve), but not when ammonia
was in excess (below the "hump").
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I.  INTRODUCTION
The purpose of this report is to present and discuss the
results of an investigation of the formation of halogenated
organics during wastewater chlorination.
Chlorination of drinking water and wastewater has been
practiced for a number of years, primarily for purposes of
disinfection. While other disinfectants have been used at
some facilities, chlorine has been used almost exclusively
as the drinking water and wastewater disinfectant in the
United States and Canada.
Even though the use of chlorine for disinfection and
other purposes during drinking water treatment has generally
been effective, the practice of drinking water chlorination
has recently been shown to produce several types of halo-
organics (particularly the trihalomethanes (THMs)), many of
which are proven or suspected human carcinogens at
concentrations commonly found in some finished drinking
waters.  The discovery of these compounds and their possible
adverse human health impacts has led to extensive research
into the factors influencing the formation of these
compounds in drinking water. This research has led to the
subsequent alteration of chlorination practices and other
drinking water treatment practices at some facilities in
order to reduce halo-organic formation while still achieving
adequate disinfection.
Although the formation of halo-organics during drinking
water treatment has been extensively investigated in
laboratory and field studies, halo-organic formation during
wastewater chlorination has not been as extensively studied.
Although the influence of individual specific factors on
halo-organic formation is probably similar in both
wastewater and drinking water, the different combination of
these factors and the different nature of the organic
material present in wastewater warrant the investigation of
some of these factors in wastewater.  The investigation of
halo-organic formation during wastewater chlorination is
pertinent because the halo-organics formed during wastewater
chlorination could impact downstream drinking water suplies
and downstream aquatic life.  Investigation of halo-organic
formation during wastewater chlorination is also pertinent
because the necessity, effectiveness, and environmental
impact of wastewater chlorination practices are currently
being re-evaluated.  The possible formation of potentially
toxic halo-organics. is an important factor to be considered
along with other factors when evaluating the overall impact
of wastewater chlorination.
The investigation discussed in this report involved some
field studies and some laboratory studies.  The field
studies were conducted at three wastewater treatment plants
in central North Carolina. These three facilities all
ͣ^SF-?S-*5'-^B(WraB'!lS-!7^'?S!E!ai5r.
practiced activated sludge nitrification (extended aeration)
but the effluent characteristics of these facilities were
very different.  Laboratory experiments were conducted to
monitor the impact of chlorine dose, contact time, mixing
intensity (at the point of chlorine application), and
ammonia concentration on halo-organic formation in
wastewater under controlled conditions.
II.  LITERATURE REVIEW
This section of the report has been divided into three
subsections and includes a discussion of some pertinent
information concerning the formation of halogenated organics
during wastewater chlorination.  The first subsection.
Section II-A, contains a discussion of wastewater
chlorination practice and description of some of the other
factors being investigated by others (in addition to the
formation of halogenated organics) in their effort to
evaluate the effectiveness and environemntal impact of this
practice.  The second subsection. Section II-B, includes a
discussion of the reaction of aqueous chlorine with organic
compounds and other substances which might be present in
wastewater effluents.  The final subsection. Section II-C,
includes a discussion of previous studies of the formation
of halogenated organic formation during wastewater
chlorination.
A.  Wastewater Chlorination Practice
The use of chlorine in wastewater treatment dates back
to the late 1800's when chlorinated lime was used
intermittently to deodorize sewage and to treat fecal
material from hospitals or other sources known to contain
pathogens.  Later, in the early 1900's, the availability of
reliable supplies of liquid chlorine, sodium hypochlorite,
calcium hypochlorite and the development of equipment to add
these chemicals to water accelerated the use of chlorine in
wastewater.  Since then, chlorination, especially final
effluent chlorination, has become an integral part of
wastewater treatment in the U.S. and Canada (White, 1972).
Although there are a few facilities using disinfectants
other than chlorine (Johnson, 1980) and in spite of the
growing interest in alternate disinfectants, chlorine is by
far the most widely used wastewater disinfectant and will
probably continue to be the most widely used in the future.
Chlorine has been used in wastewater treatment to
control odors, to control nuisance growths, to improve
settling, to inhibit sludge bulking, to facilitate grease
removal, to reduce effluent BOD, to "remove" effluent
ammonia, and to disinfect the final effluent.  The other
uses of chlorine are often important, but the most common
use of chlorine is to disinfect final effluents.
Prior to the 1970's, effluent chlorination was normally
practiced on a continuous basis only during the summer
months or as otherwise required by individual state
guidelines.  Since then, many practitioners have come to
believe that chlorination of all wastewater discharges on a
year-round basis could improve public health by reducing
bacterial loads at drinking water treatment plants, by
reducing risks to recreational water users, and by reducing
the risks of contamination of shellfish growing areas
downstream of wastewater discharges.  In response to this
belief and as part of the effort to enforce the Clean Water
Act (passed by the U.S. Congress in 1972), the U.S.
Environmental Protection Agency (EPA) established a
regulation limiting the fecal coliform levels in wastewater
discharges.  The states responded by establishing stricter
effluent guidelines which directly (through establishment of
year-round chlorination or minimum effluent residual
requirements) or indirectly (through establishment of
effluent guidelines unattainable except by effluent
chlorination) forced many wastewater facilities to begin
chlorinating wastewater discharges (WPCF, 1984).
However, due to questions about the aquatic toxicity of
chlorinated effluents and necessity and effectiveness of
effluent chlorination, the EPA has since dropped its fecal
coliform limits and several states have revised or are
reviewing their disinfection guidelines, especially those
guidelines involving mandatory wastewater chlorination and
those requiring the maintenance of minimum chlorine
residuals in the effluent (VDTF, 1984 and WPCF, 1984).
Canadian wastewater chlorination practice has also been
reviewed and re-evaluated (Buxton and Ross, 1979) .
The debate concerning the merits of wastewater
disinfection (chlorination) as currently practiced is a
major topic of discussion among scientists, engineers, and
public health officials in the wastewater treatment field.
Some practitioners in this field believe that chlorination
of most wastewater effluents is beneficial and should be
continued (i.e. Kawata et al., 1980; Ongerth, 1983;
Manzione, 1984).  Other practitioners believe the adverse
impacts of wastewater chlorination far outweigh the
benefits, and they believer the use of wastewater
chlorination should be reduced or eliminated in many cases
(i.e. Buxton and Russ, 1979; Coulter, 1983; Lue-Hing et al.,
1984).
Several aspects of the impact of wastewater chlorination
on receiving waters have been evaluated in the past and are
also currently being evaluated.  Among the areas being
investigated are the following:
- the improvement (or lack of improvement) of the water
quality in raw drinking water supplies, recreational
areas, and shellfish growing areas as a result of
wastewater chlorination (Levin et al., 1980; Dufour,
1983; Haas, 1983; WPCF, 1984; and others).
- the inability of wastewater chlorination to inactivate
some pathogens (viral and spore forming pathogens) in
relation to the ability of wastewater chlorination to
inactivate coliform indicators, bacterial pathogens,
and certain natural predators and competitors of some
pathogens (Silvey et al., 1974; Coulter, 1983; WPCF,
1984; and others).
8- the  impact  of  toxic by-products produced during
wastewater  chlorination on the quality  of   receiving
waters   (see below).
The aquatic toxicity  of  chlorinated effluents has been
well  documented   (Zillich,   1972;  Brungs,   1973;  Esvelt et al.,
1973;   Paller  et al.,   1983;  and others).     Much  of  the
toxicity  of  chlorinated effluents has been attributed to the
presence  of  chloramines in these effluents.     Recommended
limits for  total  chlorine residuals in natural waters are
0.01 mg/L as Cl^  or  less for  the protection of  aquatic life
(WPCF,   1984).
Though  not quantified yet,   it is possible that part of
the toxicity of  chlorinated effluents is due to the presence
of  halo-organics formed during wastewater chlorination.     The
net production of  halo-organics during wastewater
chlorination,   the factors influencing halo-organic formation
in wastewater,   the impact of  halo-organics on downstream
users of  natural waters receiving chlorinated wastewater
discharges,   and other aspects of  halo-organic formation in
wastewater have not been sufficiently investigated to date.
B.     Chemistry  of  Aqueous Chlorine
Chlorine is normally added during drinking water and
wastewater  treatment as an aqueous chlorine  solution
produced from chlorine gas   {Cl^i^S)) r  sodium hypochlorite
(NaOCl),   or  calcium hypochlorite   (CaCOCDj).     The form of
the added chlorine does not seem to have much  impact on the
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resulting action of the aqueous chlorine.  Environmental
conditions, especially pH/ seem to be more important than
the form of added chlorine, as discussed below.
The two predominant forms of active chlorine in aqueous
solution are hypochlorous acid (HOCl) and hypochlorite ion
(0C1~).  When chlorine gas is added to water, HOCl and 0C1~
are formed as outlined in Equations II-l through II-3.
Clj(g)
Cl2(aq) + H^O
Cl2(aq)
HOCl + H + CI
II-l
II-2
HOCl H + OCl II-3
Equations II-l and II-2 show how chlorine gas (CljCg))
dissolves in water to form aqueous chlorine (CljCaq)) and
then quickly hydrolyzes to form HOCl and CI .  Little
Cl-(aq) is present at near neutral pH because the hydrolysis
reaction listed in Equation II-2 is almost instantaneous and
goes practically to completion (Morris, 1978).  HOCl is a
weak acid and partially dissociates to H and hypochlorite
(0C1~) as indicated in Equation II-3.  The acidity or
equilibrium constant (Ka) of HOCl expressed as a pKa is 7.5
at 20°C.
HOCl and OCl are both called "free chlorine" because
most analytical techniques are unable to differentiate
between the two species. However, these two species are
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significantly different from one another with HOCl being the
stronger oxidant and the more effective disinfectant.
Therefore, the equilibrium relationship illustrated in
Equation II-3 has important implications for chlorination of
natural waters because the more reactive HOCl predominates
under acidic conditions (pH <7.5) and the less reactive 0C1~
predominates under alkaline conditions (pH>7.5) (Morris,
1978).
Chlorine is used in drinking water and wastewater
treatment for a variety of reasons, but primarily for
disinfection.  The ability of chlorine to deactivate
pathogens in water has made chlorination a useful tool in
controlling disease and protecting public health.
Aqueous chlorine, in addition to being able to
deactivate pathogens, is also able to react with other
constituents in water such as reduced metals (Fe(II) and
Mn(II) for example), bromide, ammonia, hydrogen sulfide, and
various organic substances.  It is often desirable to remove
some of these substances during water treatment, and
chlorine is often added specifically for this purpose.
However, when chlorine is added primarily as a disinfectant,
the presence of these competing substances can decrease the
effectiveness of chlorine as a disinfectant due to the
consumption of chlorine or the formation of less effective
disinfectants.
The following paragraphs discuss in more detail some of
the reactions of chlorine in water with particular emphasis
on these reactions in wastewater.
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1.  Reactions with Inorganic Compounds
Aqueous chlorine reacts with a number of inorganic
species including:  sulfide (HS~ or HjS), cyanide (CN~),
reduced metals such as Fe(II) and Mn(II), nitrite (NOj")/
bromide (Br )/ and ammonia (NH^). Chlorine reactions
involving these substances, except for Br  and NH^f involve
the oxidation of the substance and loss of the oxidizing
power of the added chlorine to the system.  By contrast,
when HOCl oxidizes Br the oxidizing power of the chlorine
is not totally lost.  Instead, the oxidizing power of the
chlorine is transferred to aqueous bromine (Br2)»
hypobromous acid (HOBr) , and hypobromite (OBr ) as outlined
in Equations II-4 through II-6.
HOCl + 2Br~ + h"*" =  Br2 + H2O + Cl~ II-4
Br2 + H2O       =  HOBr + h"*" + Br" II-5
HOBr =  h"^ + OBr" II-6
HOCl can either react with NH^ to oxidize the NH^ or the
HOCl can react with the NH^ to transfer the oxidizing power
from the HOCl to an ammonia-chlorine product.  Chlorine-
ammonia reactions are discussed in more detail in the
following section.
2. Reactions with Ammonia
Some important reactions involving ammonia and chlorine
that occur under normal conditions in natural waters are
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listed in Equations II-7 through 11-17 in Table II-l (White,
1972; Wei and Morris, 1974).  The first three reactions show
the sequential formation of monochloramine (NHjCl),
dichloramine (NHCl-)/ and trichloramine or nitrogen
trichloride (NCI,). These three compounds are usually
measured collectively and referred to as "chloramines" or
"combined chlorine".  The sum of the combined chlorine and
the free chlorine (HOCl and 0C1~) is called "total
chlorine."
The reactions listed in Equations 11-10 through 11-14
show the possible routes for the conversion of ammonia (NH^)
to nitrogen gas (Nj) and nitrate (NO^ ) via the chloramines
and hydroxy1 amine (NOH).  NOH is a hypothetical
intermediate in the above reactions that has not been
detected, presumably because it reacts so quickly to form Nj
and NO^ that it cannot be detected with present analytical
methodology (Wei and Morris, 1974; Saunier and Selleck,
1979).  One of the overall results of these reactions is the
consumption of chlorine and loss of the oxidizing and
disinfecting power of the active chlorine to the system.
The last three reactions. Equations 11-15 through 11-16,
show the importance of pH in the reactions of ammonia and
chlorine.  These relationships are important because the
reactions involving NH, and HOCl are favored over reactions
associated with NH."^ or OCl" (Weil and Morris, 1949a).4
All of the chloramines are weaker oxidants and
disinfectants that HOCl.  Of the three chloramines, NHClj
Table II-l
Important Reactions in the Chlorine-Ammonia System
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II-7 NH3 + HOCl — NH2CI + H2O
II-8 NH2CI + HOCl = NHCI2 + H2O
II-9 NHCI2 + HOCl = NCI3 + H2O
11-10 NHCI2 + H2O = NOH + 2H'*" + 2Cl"
11-11 NOH + NH2CI = N2 + H2O + h"*" +
11-12 NOH + NHCI2 = N2 + HOCl + h'*' +
11-13 NOH + 2 HOCl = NO^" + Sh"*" + 2C1
11-14 2NH2CI = NHCI2 + NH3
11-15 NH^"*" = NH3 + h"^
11-16 HOCl = h"^ + 0C1~
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may be the strongest disinfectant (White, 1972) but NH^Cl is
probably the most important and most desired product.  The
reasons for this are:
- NH2CI is formed to a much greater extent than
either NHCI2 or NCl^ under normal conditions
during water chlorination;
~ NHClj and NCI- produce undesirable tastes and
odors in water (even at the low concentrations
found during water chlorination).
The formation of NHjCl indicated in Equation II-7 is very
rapid and goes almost to completion (90% complete within 1
minute) at pH and temperature conditions common to water and
wastewater treatment.  The rates of formation of NHClj and
NClg do not approach the rate of formation of NHjCl except
at pH<5.5 (Jolley and Carpenter, 1983).  In addition to
being a slowly formed compound, NHCl^ is also considered to
be an unstable compound that probably decomposes (see
Equations 11-10 through 11-12) as quickly as it forms.
Recently, however, it has been reported that NHCI2 may be
more stable than previously thought (Drinking Water and
Health, Vol. 2, p. 168, 1980).  NCI, is more stable than
NHCI2 but, as indicated in Equation II-9, NCl^ can not be
formed until NHCl, is formed.  NCl^ will not form to any
great extent except under conditions of low pH (pH<5.5)
where NHCI2 is reasonably stable or when the chlorine-
ammonia ratios are high.
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The distribution of the products of the series of
reactions listed in Table II-l depends on the relative
concentration of chlorine and ammonia, mixing intensity at
the point of Clj application (poor mixing may produce local
pockets of high reactant concentrations), reaction time,
temperature, and pH.  When chlorine is added to water
containing ammonia, the combination of reactions listed in
Table II-l give rise to the "breakpoint" phenomenon
illustrated in Figure II-l.  The theoretical breakpoint
curve illustrated in Figure II-l shows the measured total
chlorine residuals as a function of Cl^ dose for a pure NH-
and HOCl reaction system at neutral pH and constant
conditions.  The effect of other chlorine-consuming
substances on the breakpoint curve will be discussed later.
The different regions of this curve (labeled A, B, C, D, and
E) indicate:
- the formation of NH2CI in accordance with
Equation II-7 (region A)
- the complete conversion of NH^ into NH^Cl (point
B)
- the formation of NHCI2 and NCl^ and the
"destruction" of initial NH^ through the
formation of N2 and NO-" in accordance with
Equations II-8 through 11-14 (region C)
- the "breakpoint" or CI2 dose at which initial NH^
is completely converted into ^21  NO^ i  NH2CI,
UEGEm I
o
<
0
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A - monochloramlne fomatlon
B -  "hump"— complete monochloramlne formation
G  -  destruction  of ajnmonla
D -  "breakpoint"-- complete destruction of nmmonla
K -   "breakpoint,"  or  "free" residual chlorination
CHLORINE-AMMONIA RATIO      (   mol/mol   )
Flffjre II-1 - Theoretical Breakpoint Ctirve for a "Pure" HOGl-NHo Reaction System
(No Reduced Species Present )
CTl
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NHCl2f NClo producing a minimum total chlorine
residual (point D)
- "breakpoint chlorination" or Clj doses necessary
to achieve a free chlorine residual (region E)
At the breakpoint there is some irreducible combined
residual present.  However, it is convenient to think of the
breakpoint as the CI2 dose required to convert all NH^ into
N2 or NO2 .  Inspection of the Equations in Table II-l
reveals that the breakpoint can theoretically occur at
chlorine-ammonia ratios between 1.5 and 4.0 mol/mol
depending on the proportion of Nj and NO^ produced at the
breakpoint (see Equations 11-18 and 11-19).
2NH3 + IHOCI =   N2 + SHjO + Sh"*" + 3C1~        11-17
NH^ + 4H0C1  =   N03~ + Sh"^ + 4Cl" + H2O       11-18
Typically, Nj is the predominant product.  The resulting
breakpoint normally occurs at chlorine-ammonia ratios
between 1,6 and 2.0 mol/mol (Wei and Morris, 1975; Saunier
and Selleck, 1979).
The proportion of NO^" to N2 increases as 1) the
chlorine-ammonia ratio increases past the breakpoint or
2) as the overall concentrations of the two reactants
decrease (Wei and Morris, 1975; Saunier and Selleck, 1979).
Therefore, as the total NH- in a sample decreases, the
oxidized nitrogen products shift so that more NO^  is
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produced relative to N- and the breakpoint chlorine dose
increases accordingly.
The above descriptions of the breakpoint are
qualitatively true for all chlorinated waters containing
ammonia.  Howeverr the presence of reduced inorganic species
(H2S, Fe(II), Mn(II), etc.) or organic compounds will change
some aspects of the breakpoint phenomenon as illustrated in
Figure II-2.
The first portion of the curve (region AA) illustrates
the "immediate" chlorine demand of reduced inorganic species
like those mentioned above. These species are readily
oxidized by chlorine and represent a chlorine demand that
must be satisfied before a substantial increase in total
residual chorine is observed.  The effect of the presence of
these substances is to shift the entire breakpoint curve to
the right by an amount Equal to the chlorine dose required
to completely oxidize these reduced species.
In the presence of organics, the total chlorine residual
does not increase in direct proportion to the increasing
chlorine dose in the region of the breakpoint curve before
the "hump." In other words, the slope of this portion of
the curve (Region BB) is not 1:1 as it is in the pure HOCl-
NH^ system (see Region A, Figure II-l).  Some of the
organics (especially some simple organic nitrogen compounds)
react more quickly with HOCl than does NH^ and, therefore,
they affect the breakpoint curve in a way similar to the
inorganic species mentioned above (i.e. they shift the curve
LEGEND  I
I
S
0
8
0
AA - chlorine demand of reduced Inorgemlc species
BB - monochloramine formation
CC - "breakpoint" region
DD - "breakpoint"  (or free residual) chlorlnation
CHLORINE-AMMONIA RATIO
Figure II-2 - Hypothetical Breakpoint Curve for a Scunple Containing Ammonia,  Organics, and
Other Reduced Species
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to the right).  Most organics, however, react much more
slowly with HOCl than does NH^.  These organics can still
consume chlorine before the breakpoint due to chance contact
with HOCl molecules before the HOCl has a chance to come in
contact with NH^ molecules.  Organics can also consume the
NH2CI that is produced from NH^ and HOCl.  Both of these
types of reactions would reduce the total residual and would
cause the slope of the region of the curve before the "hump"
(Region BB) to be less than 1:1 and would reduce the height
of the "hump. "
After the breakpoint, the curve flattens out (region CC)
and the total residual does not increase until sufficient
chlorine is added to completely react with the organics.  If
sufficient time is provided for the reactions of the
organics with the HOCl, the total residual will start
increasing at a 1:1 slope (Region DD).  If sufficient time
is not provided, the total chlorine residual will start
increasing at a lower chlorine dose but will increase at a
slope less than 1:1 slope.
Most of the above statements and reactions pertaining to
the HOCl-NH^ system apply to the HOBr-NH^ system.   There
are some differences, but these will not be discussed here
(see Johnson and Overby, 1971; Stringer et al., 1975; Wajon
and Morris, 1980; and Jolley and Carpenter, 1983).
The presence of chloramines or bromamines in drinking
water or wastewater can be helpful or harmful.  It is often
desirable to use NH2CI as a disinfectant instead of HOCl
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(see Sections II-4 and II-5).  However, the presence of
chloramines may be toxic to some aquatic life and may be of
health concern to certain groups of people.  It has been
shown that NH2CI must be removed from drinking water before
being used in kidney dialysis machines (Eaton, et al.,
1973).  In wastewater, the aquatic toxicity of various
wastewater discharges has been attributed to the presence of
chloramines (Brungs, 1973; Paller, et al., 1983).  It has
been suggested that chloramine concentrations greater than
0.01 mg/1 as Clj may be harmful to aquatic life downstream
of wastewater discharges (WPCF, 1984).  Little evidence
concerning the aquatic toxicity of bromamines is available,
but it may be that the formation of bromamines would
decrease the toxicity of wastewater discharges because
bromamines are less stable than chloramines.
3.  Reactions with Organic Compounds
HOCl and NH2CI can react with organics in ai^ of the
following ways:
- oxidation
- addition (to a C=C bond)
- substitution
Nearly all of the chlorine added to a natural water is
consumed in oxidation reactions.  One investigation of some
wastewater samples showed that 99 percent of the added
chlorine was consumed by oxidation reactions (Jolley, 1975).
However, most of the research conducted with natural waters
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has focused on the products of the chlorine substitution or
addition reactions.  These products are important because
many of these products are known or suspected carcinogens.
This does not mean that the products of the oxidation
reactions are not of health concern; they just have not been
researched as extensively as the chlorine substitution or
addition reactions (Drinking Water and Health, 1980).  This
section focuses mainly on the chlorine substitution and
addition reactions.
When chlorine substitutes onto a nitrogen atom on an
organic compound the product is called an "N-chloro-
organic." When chlorine substitutes or adds onto a carbon
atom on an organic compound the product is called a
"chlorinated organic" compound or a "halogenated organic"
compound.  A discussion of N-chloro-organics is included
below. The formation of halogenated organics is discussed
later,
a.  N-chloro-organics
Even when the focus of attention is on disinfection or
on halogenated organic formation, a knowledge of some of the
characteristics of organic chloramines and N-chloro-organics
may be useful in interpreting the results of any
chlorination study in which nitrogen-containing organics are
present.  Some of the characteristics of N-chloro-organic
formation are as follows:
- In general, HOCl reacts faster with nitrogen atoms
than with carbon atoms when both are present in an
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organic compound.  However, there is some evidence
that some halogenated organics can be formed from
nitrogen-containing organics (Jolley, 1975; Morris
et al., 1980;) Bieber and Trehy, 1983).
Reaction rates of HOCl with organic-nitrogen
compounds increase as the basicity (nucleophilicity)
of the nitrogen atom increases (Wei and Morris,
1949a; Weil and Morris, 1949b; Morris, 1967);
There are three basic classes of chlorine-consuming
nitrogen compounds in natural waters:  NH^, amino
acids, and proteins.  Most proteins are very
resistant to chlorination,  Amino acids, in general,
are more readily chlorinated than proteins but not
as readily chlorinated as NH, (Taras, 1953).
However, there are exceptions.  Some simple amines
react more quickly with HOCl than NH^ does (Weil and
Morris, 1949a; Morris, 1967).
Organic chloramines are mild disinfectants and
chlorinating agents.  However, in most applications,
the disinfecting power of the chlorine associated
with the organic chloramines (and other N-chloro-
organics) is considered lost to the system (White,
1972).  There is little evidence that the formation
of halogenated organics from organic chloramines is
very important (Morris, 1975);
Several different forms of N-chloro-organics
interfere with one or more of the current analytical
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techniques used to measure free and combined
residual chlorine.  A knowledge of the types of N-
chloro-organics which are present or which may be
present in a water sample can help in selecting the
appropriate analytical technique and in interpreting
the results (Morris et al., 1980);
- Organic chloramines are very stable compounds.  They
are probably less toxic to the aquatic environment
than NH2CI or HOCl (Katz, 1977), but they still may
be of concern because they are so persistent in the
environment (Isaac and Morris, 1980).
b.  Halogenated Organics
The ubiquitous presence of chlorinated pesticides and
polychlorinated biphenyls (PCBs) in the environment has
raised concern about the possible health and ecological
effects of these and other halo-organics in the aquatic
environment.  However, not much information was available on
the presence of other chlorinated compounds in the
environment until the early 1970's when more sophisticated
analytical technologies became available.  Since then, the
formation of halo-organics in chlorinated drinking water has
been heavily researched with a lesser amount of research
dedicated to the formation of halo-organics in wastewater
and cooling water discharges.
Initially, most of the investigations into halo-organic
formation focused on the identification of specific
compounds in finished drinking water systems.  One of the
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• major classes of compounds identified was the
trihalomethanes (THMs), the major component of which is
chloroform (CHCl^)• THMs have been identified in public
drinking water supplies by several different investigators
(e.g. Bellar, et al., 1974; Symons, et al., 1975; Young and
Singer, 1979; Singer et al., 1981).  The presence of these
compounds was shown to be  due  to the practice  of water
chlorination and not due  to  industrial  pollution because  the
compounds were not present  in raw or  unchlorinated waters.
The growing evidence  of  the nearly universal presence of
THMs  in chlorinated drinking waters led to investigations of
the possible adverse human health effects of  CHCl^  and other
THMs.     These  studies  showed that THMs were probably
carcinogenic and eventually led to the establishment of
federal  guidelines limiting the maximum acceptable TTHM
concentration   (TTHM =  summation of  all THMs)   in drinking
water  to 100 ug/1.
Many other halo-organics,   in addition to THMs,   have
proven to be  of  environmental  concern and are  regulated in
drinking water   (e.g.   chlorinated solvents and chlorinated
pesticides). The procedures used to identify  these
specific compounds,   however,   are  only capable of   identifying
a  fraction of  the  total  number  of  halo-organics  present  in
many chlorinated waters.     The  unidentified halo-organics.
1 THMs and other specific halo-organics are not regulated in
wastewater at the present time.
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mostly non-volatile high molecular weight compounds, may
also be of environmental concern.  The collective
measurement of all of the organically-bound halogens in a
water sample may therefore be more important than the
identification of a few specific compounds.
Several techniques have been used to collectively
measure all halo-organics in a water sample by determining
the total organically-bound halogen or "TOX".  The term
"TOX" is used to refer to the halo-organics detected by a
given procedure.  The terms "halo-organics" and "TOX" are
not synonymous, however, because some halo-organics are not
detected as TOX in some procedures.  The procedure which
seems to be gaining the widest acceptance is the procedure
involving carbon adsorption, pyrolysis, and microcoulometric
detection (Takahashi, et al., 1980; Glaze et al., 1980;
[Method 506], Standard Methods, 1985).  This procedure is
able to detect most halo-organics and has been used to
characterize many drinking waters and some wastewaters and
cooling waters.  Even though the use of the TOX parameter to
characterize water quality is gaining popularity (Stevens et
al., 1985), there are currently no guidelines regulating the
TOX concentration in drinking water or other natural waters.
Field and laboratory studies involving raw drinking
water and model organic compounds have shown that TOX and
THM formation are influenced by pH, temperature, chlorine
dose, contact time, concentration and nature of the organic
precursors present, NH^ concentration, Br concentration.
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and presence of non-organic chlorine consuming substances
(Jolley, 1978, Jolley, et al., 1978, 1980, 1983; Oliver and
Lawrence, 1979; Oliver, 1980; Fleischacker and Randtke,
1983).
Several investigators have shown that humic acids are
important TOX and THM precursors in drinking water (Stevens
et al., 1976; Oliver and Lawrence, 1979; Oliver and Visser,
1980).  Humic acids are high molecular weight organics that
have been shown to contain many readily chlorinated
functional groups (Rook, 1980).  Humic material comprises a
substantial fraction of the organic content of most natural
waters (Black and Christman, 1963; Thurman and Malcolm,
1981; Malcolm, 1983) and has been shown to produce TOX and
THM upon chlorination in amounts similar to what is produced
during chlorination of raw drinking water.
4.  Effectiveness as a Disinfectant
The mechanism by which HOCl inactivates microorganisms
is related to the ease with which HOCl can move through cell
walls and cell membranes (Chang, 1944; Fair et al., 1947,
Haas and Engelbrecht, 1980). The lethal action may be
general structural damage to the membrane and functions
associated with it (Venkobacher et al., 1977; Haas and
Engelbrecht, 1980) or it may be due to reaction of HOCl with
specific enzymes which are crucial to cell survival but
which are present in small numbers in the cell (Green and
Stumpf, 1946; Venkobachar et al., 1977).  Other oxidants
(MnO ", H2O2/ NH2CI, 0C1~, Cr20^~) may be able to act in the
28
same way (Fair et al,, 1948) but they are not as effective
disinfectants as HOCl because HOCl (due to its small size,
its similar structure to H2O, and its neutral charge) can
more readily penetrate through cell walls (Chang, 1944) .
The resistance of different microorganisms to HOCl has been
shown to correlate with the thickness of the cell walls
(Chang, 1944).  Virus inactivation by HOCl relates to the
reaction of HOCl with the nucleic acid or the protein coat
(WPCF, 1984).
The efficacy of disinfection in wastewater or drinking
water depends on (White, 1972):
- diffusion of the agent through the cell wall
- nature and concentration of the disinfectant
- type and concentration of microorganisms
- temperature
- pH
- contact time (may be more important in wastewater
treatment since NH^Cl is the principal disinfectant)
In wastewater, the following may also be important (White,
1972):
- wastewater characteristics (degree of treatment)
- method of addition and initial mixing of disinfectant
- presence of particles
- NHo concentration
The influence of NH^ on disinfection of wastewater has
been shown to be very significant, especially in partially
nitrified wastewaters.  It was originally thought that
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nitrified wastewater would be easier to disinfect because
less NH- would be present to consume HOCl.  However, the
results in practice have been mixed.  Some plants with
nitrified effluents have been able to meet disinfection
requirements, but others have not, even at higher than
normal chlorine doses (20 to 50 mg/L) (White et al., 1983).
Many laboratory and field studies have shown that
chlorination of nitrified effluents supplemented with NH^
can achieve greater coliform reduction at much lower
chlorine doses than chlorination without NH^ addition
(Daliwahl and Baker, 1983; White et al., 1983; Gasser, 1984;
Gordon, 1985).  It appears that HOCl, in the absence of NH^,
is readily consumed by the organics and other reduced
species remaining in the nitrified wastewater.  The chlorine
consumption is so rapid and so complete that no HOCl is
available for disinfection.  In the presence of NH^f the
added HOCl reacts more quickly with NH^ than it does with
the organics and other reduced species (Dhaliwal and Baker,
1983).  The resulting chloramines give better disinfection
to the nitrified wastewater than does HOCl because the
chloramines do not react as readily with the reduced species
remaining in the water and remain available for disinfection
over a longer period of time (Budde et al., 1977;  Daliwahl
and Baker, 1983; White et al., 1983; Gordon, 1985; Gasser,
1984).
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C.  Formation of Halogenated Organics in Wastewater
Investigations into TOX and THM formation in wastewater
have not been as common as investigations into TOX and THM
formation in drinking water.  However, there has been some
research associated with the 1) identification and
characterization of wastewater effluents before and after
chlorination, 2) measurement of TOX and THMs in selected
wastewater effluents, and 3) investigation of factors
influencing TOX and THM formation in wastewater.  Some of
the investigations in these areas focused on chlorination of
wastewater alone while other investigators focused on the
chlorination of drinking water or humic material but
included an investigation of chlorinated wastewater for
comparative purposes.
Secondary municipal effluents from selected activated
sludge and trickling filter facilities have been
characterized as follows (percentages given as percent of
effluent COD) (Rebhun and Manka, 1971; Manka et al., 1974):
humic material 40-50%, tannins 1-2%, anionic detergents 15-
20%, carbohydrates 5-10%, proteins 20-25%, and ether
extractables 10-20%. All facilities investigated had
effluent CODs ranging from 100 to 180 mg/L. As in raw
drinking waters, a substantial portion of the organic
material in wastewater appears to be humic material. Other
major constituents identified above were proteins and
carbohydrates which have been shown to be poor THM and TOX
precursors (Morris, 1975).
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The characterization of wastewater before and after
chlorination has been conducted in a number of laboratory
studies.  Two studies by Jolley et al., two studies by Glaze
and Henderson, and one study by Trgovich et al. are
discussed below.  Jolley et al.identified a few
monochlorinated purines, pyrimidines, aromatic acids, and
phenols in a primary and secondary wastewater effluent after
the addition of 2.5 and 6.0 mg/L of CI, (Jolley, 1975a,
Jolley et al., 1975b).  These studies showed that
approximately 99% of the added chlorine was consumed in
oxidation-reduction reactions.  Glaze and Henderson (1975a)
were able to show that a greater number of different
compounds and more multi-chlorinated compounds were formed
when wastewater was "superchlorinated" at a dose of 1500
mg/L as Clj.  In another stuc^. Glaze and Henderson (1975b)
showed that a wastewater yielded 300 to 900 ug/L of TOX
after chlorination with 1200 to 2000 mg/L of CI-.  Similar
results would not be expected in typical chlorinated
wastewater due to the extremely large doses used in these
studies.  Trgovich et al. (1983) showed that breakpoint
chlorination affected the nature of organics in secondary
effluents,  Chlorination reduced the molecular size,
biodegradability, and adsorbability (onto activated carbon)
of organic material in secondary effluents.
McCahill et al. (1980) investigated the TOX
concentration before and after chlorination at two secondary
wastewater plants. The results were as follows.
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TOX (ug/L as Cl")
Before        After
Chlorination  Chlorination
Plant #1 85 325
Plant #2 0 200
Plant #2 (filtered sample) - 100
These results showed that some TOX was present in the
wastewater before chlorination at one of the plants and that
200-240 ug/L of TOX was produced as a result of effluent
chlorination.  The results from Plant #2 also showed that a
substantial portion of the TOX was associated with
particulate material.
Jekel and Roberts (1980) measured the purgeable and non-
purgeable fractions of TOX (POX and NPOX, respectively) in
several stages of two water reclamation facilities.  These
facilities contain many processes not common to conventional
wastewater treatment.  Some of these processes (like NH-
stripping), though not necessarily included for purposes of
reducing TOX/ did cause a reduction in the TOX concentration
in the water.  After the conventional biological portion of
the treatment train at each facility (before any chlorine
was added), the wastewater contained 160-220 ug/L of TOX.
Chlorination of the water added 60-120 ug/L as CI of TOX
(for chlorine doses of 14-25 mg/L as CI2)• Little of the
TOX produced was POX.
Dore et al. (1982) investigated the influence of organic
carbon (measured as COD) and ammonia concentration on THM
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formation in wastewaters.  Laboratory experiments using
several different wastewaters showed that THM formation
increased with decreasing NH.  concentration.  This occurred
even though the samples which had less NH.  also had less
organic carbon present.  The characteristics of three
samples from this experiment are listed below to illustrate
this point:
COD
(mq/L as O2) (mg/L as N)
CI2 dose
(mg/L as CI,)
TTHM
(ug/L)
300 68 6 7
216 14 6 25
50 0.7 6 96
The authors of the above study concluded that:
- COD may not be a good measure of THM precursors;
- the formation of THMs from organic precursors depends
on the presence of other reduced species in the
water; and
- the formation of some THMs at chlorine doses far
below the breakpoint indicates that some highly
reactive precursors may be present in wastewater.
Oliver and Lawrence (1979) investigated the formation of
CHCI3 in laboratory chlorinations of a primary effluent and
a secondary effluent for purposes of comparison with other
chlorinated water samples. All water samples were
chlorinated with 10 mg/L of chlorine but less than 5 ug/L of
CHCl^ was detected in the wastewater samples.  The other
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water samples had at least 3 times as much CHCl^ under the
same laboratory conditions.  The authors attributed the low
CHCl^ formation in the wastewaters to the presence of
ammonia in these samples and the formation of NH2CI, a
poorer chlorinating agent than HOCl.
Fleischaker and Randtke (1983) conducted several
experiments in which a wastewater, a groundwater, a humic
acid, a peat fulvic acid, and a groundwater fulvic acid were
chlorinated under controlled laboratory conditions.  In this
study, samples from each of these sources were adjusted to a
common TOC concentration (3 mg/L) and then dosed with free
chlorine or with a preformed combined chlorine solution.
The influence of pH, contact time, oxidant dose, and the
form of the added oxidant on NPOX and CHCl^ formation was
evaluated in these samples.  Observations related to the
results from the wastewater samples in this study were as
follows:
- Greater than one-half of the NPOX was formed within
two hours in all samples;
- NPOX formation decreased with decreasing pH in
wastewater samples when dosed with either free
chlorine or preformed combined chlorine;
- At equivalent doses in wastewater, the NPOX formation
in the samples with free chlorine added were two to
three times greater than in the samples in which
preformed combined chlorine was added;
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In the presence and in the absence of added ammonia,
mixing at the point of chlorine application was shown
to have little impact on NPOX formation in a peat
fulvic acid solution dosed with either free chlorine
or preformed combined chlorine ("mixing" was
evaluated qualitatively not quantitatively—"good"
mixing occurred when chlorine was added
instantaneously with stirring with "poorer" mixing
occurring when the chlorine was added drop wise or
when the samples were not stirred but were allowed to
react for the same amount of time (18 hours) as the
"good" or well mixed samples);
CHCl^ formation in the wastewater samples was less
than 30 percent of the NPOX detected at free chlorine
doses less than 100 mg/L (contact time = 100 hours);
CHClg formation was barely detectable in wastewater
samples dosed with any of the preformed combined
chlorine doses tested or at free chlorine doses less
than 10 mg/L (contact times = 100 hours);
At the same free chlorine dose, the NPOX formation
was always lower in the wastewater samples than in
samples from the other sources at all free chlorine
doses tested (up to 120 mg/L);
At the same preformed combined chlorine dose, the
NPOX formation in wastewater samples was comparable
to the NPOX formation detected in samples from the
other four sources.
36
Chow and Roberts (1981) compared the halo-organic
formation in wastewater samples after addition of chlorine
and chlorine dioxide (ClOj) solutions in laboratory
experiments.  The samples were collected from two wastewater
treatment facilities with the following treatment conditions
and effluent characteristics:
Plant #1 Plant #2
Treatment
Non-nitrified effluent
and no effluent filters
20-55
nitrified and
filtered effluent
COD (mg/L) 20-35
Total Ammonia
(mg/L) 20-35 <0.06-0.2
Total Kjeldahl
Nitrogen (mg/L) 26-42 <0.8 -1.1
In the chlorinated samples in this study, the following was
noted:
less TOX and THMs were produced in the non-nitrified
samples than in the nitrified samples, presumably due
to the competition between NH^ and organic carbon for
the added chlorine;
- combined chlorine in the non-nitrified wastewater
does not form many THMs or TOX;
- the THMs were approximately 20 percent (or less) of
the TOX produced;
- the TOX reaction appeared to be faster than the THM
reaction ("80% of the TOX and i;60% of the THMs were
detected in the first 5 hours);
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- 1-2 percent of the added chlorine showed up as TOX in
the non-nitrified wastewater (as in an earlier study
by Jolley (1975a)) but 5-7 percent showed up as TOX
in the nitrified wastewater
Cooper and co-workers (1983) measured THKs produced in
the laboratory after chlorinating two wastewaters with
varying chlorine doses along the breakpoint curve.  The
results of this study showed in general that the formation
of THMs followed the breakpoint curve.  In other words, the
THMs increased or decreased directly as the total residual
increased or decreased.  Most of the chlorine doses used in
the above study were far above those encountered in normal
wastewater treatment.  Some results which were within the
commonly encountered range of chlorine doses included the
following:
chlorine dose (mg/L as CI,) 1*0 25.0
chlorine-ammonia ratio (mol/mol) 0.04 0.99
TTHM  (ug/L) <10    ~60
An interesting characteristic of this study was that large
amounts of Br" were present in the wastewater and this led
to the formation of large amounts of brominated THMs after
chlorination.  These results illustrate that, as in drinking
water, the presence of Br" affects the distribution and
extent of THM formation.  This m.ay also affect the toxicity
or mutagenicity of chlorinated wastewater effluents.
III.  MATERIALS AND METHODS
This section of the report describes the procedures used
during a field survey at three wastewater treatment
facilities and during a set of laboratory experiments
conducted for purposes of monitoring the formation of
halogenated organics in chlorinated wastewater.  The sample
handling and collection procedures for the field and
laboratory samples are described in the first subsection
below. Section Ill-A, and the analytical procedures used to
characterize these samples are described in the other major
subsection below. Section III-B.
A.  Sample Collection and general Experimental Methods
1. Field Investigation Sample Collection
The facilities monitored during the field survey portion
of this investigation were three wastewater treatment
facilities in central North Carolina:  Chapel Hill (OWASA),
Durham Northside, and Greensboro North Buffalo.  These
facilities were chosen because they were all located in the
same general geographic location (within easy travel
distance) and they were composed of similar unit processes
as outlined in Figure III-l. The flow diagram in Figure
III-l shows that activated sludge nitrification was
Plant
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^
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Figure Ill-i - Summary of Treatment Processes at Chapel Hill ( OHASA ), Durhaa Northslde,
and Greensboro North Buffalo
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practiced at all three facilities and that the only major
differences in the processes present at these facilities
were the intermediate sedimentation tanks after the
trickling filters at Durham and the dual media effluent
filters prior to chlorination at Greensboro.  The detention
time in the chlorine contact facilities at these treatment
plants was approximately 60 minutes at Chapel Hill and
Greensboro and 15 minutes at Durham.
Even though the processes were similar, the effluent
quality at these facilities was significantly different as
indicated in Table III-l.  The results in this table show
that during the course of this investigation:
- the effluent quality at Chapel Hill was consistently
better than at either of the other two facilities
- the effluent quality at Greensboro was consistently
better than at Durham.
The high degree of treatment seen at Chapel Hill can be
partly explained by noting that this facility was operating
at BOD loadings and wastewater flows substantially below its
design capacity.  Similarly, the poorer results seen at
Durham can be partly explained by noting that this facility
was operating near its design capacity during most of this
investigation (see Section IV-A).
Figures III-2, III-3, and III-4 show the sampling
locations at Chapel Hill, Durham, and Greensboro.  These
sampling stations are labeled as follows:
Table III-l. C(»perieon of the Honthly Average Effluent COD,   Effluent Aimnonla, and Applied
Chlorine Dosages at the Three Wastewater Treatment Plants
nontb
Chaoel  Hill  lOWASA) Nc
Greensboro
»rth Buffalo pui ham Norths]Lde
Yeftc
COD
mg/L 9^ Q2
NH.-N
pq/L as M
CI2    Dose
mg/L as Clj COD Ufl^iJJ
CI 2Do5e COD liH4_l«
Cl,
pole
1983 Jan
Feb
Mar 64 0.30 1.05
73
168
86
2.3
9.1
6.9
4.8
2.7
2.5
227
260
202
13
18
16
6.3
4.1
3.5
Apr
May
Jun
58
65
40
1.05
0.90
0.62
1.00
0.33
0.48
100
75
127
8.3
3.6
1.6
3.0
6.3
4.9
187
191
177
8
9
9
3.9
4.0
7.0
Jul
Aug
Sep
31
35
33
0.14
0.12
0.30
0.50
0.92
1.48
53
69
53
2.5
1.9
0.9
0.7
1.3
3.2
126
147
123
8
4
3
5.5
4.7
4.8
Get
Nov
Dec
35
34
33
0.28
0.59
0.45
2.52
1.51
1.30
66
97
55
3.5
2.3
3.5
1.3
4.2
2.9
135
153
199
5
7
8
4.6
4.7
4.7
1984 Jan
Feb
31
27
1.0
0.27
1.26
1.35
- - -
-
-
-
MEAN
(RANGE)
41
(27--65)
0.50
(0.12-1 .05)
1.15
(0.3-2.5)
85
(53-•168)
3.9
(0.9-9. 1)
3.2
(0.7-
177
(123-
-6.3)
-260)
9
(3-18)
4.8
(3.9-7 .0)
OWASA FIELD SAMPLES
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LEGEND:
From Secondary Clarifier
To Other
Set of C^*
Contact Tanks
Sample Label
TOX/THM
Free Residual Cl2/Total Residual  CI-
C-IN
C-1.2
C-2.3
C-Out
MORGAN
CREEK
Figure III-2    - Location of the Eight Sampling Points at the
Chapel Hill (  CWASA ) Wastewater Treatment Plant
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DURHAM NORTHS IDE SAMPLES
Sample Label
LEGEND: TOX/rmM
Free Residual  Cl-ZTotal Residual  CI-
D-IN
<^
Fi^tire III-3     -    Location of the Three Sampling Points at the
Durham Northside Wastewater Treatmsnt Plant
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LEGEND:
GREENSBORO FIELD SAMPLES
Sample Label
TOX/TTHM
Free Residual  Cig/Total  Residual  CI-
G-2A
Nitrified
and
Filtered
Eff 1 uent
Discharge
Figure III-4    - Location of the Seven Sampling Points at the
Greensboro North Biiffalo Wastewater Treatment Plant
f
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Chapel  Hill
- C-IN   (secondary  effluent  before  chlorination)
- c-OUT   (chlorinated effluent at outfall  into Morgan
Creek)
- C-1.1,1.2,1.3  and C-2.1,2.2,2.3   (three  sampling points
within the two chlorine  contact  tanks)
Durham  Northside
- D-IN     (secondary effluent before chlorination)
- D-OUT   (chlorinated effluent at discharge  from
underground pipe  into effluent ditch)
- D-DITCH   (chlorinated effluent just before  discharge
into Ellerbee Creek)
Greensboro North Buffalo
- G-IN     (filtered secondary effluent before
chlorination)
- G-IA,,2A,3A,4A and G-1B,2B   (sampling locations within
the two chlorine contact  channels)
The handling procedures for  field and laboratory  samples
were fairly similar and are outlined in Figure III-5.     In
the field,   TOC,   COD,   and NH>     samples were collected at the
points before chlorination   ("C-IN",   "D-IN",   or   "G-IN").
These  samples were acidified with  sulfuric acid   (H2SO.)   to
pH  <2 and stored in 300 mL BOD bottles at 4°C  until  analyzed
(see Figure  III-5).     Two  samples were also collected at
these  points for  pH  determinations.     Free and combined
residual  chlorine and temperature were measured at all
sampling locations at the time of  sample collection.     At all
sample points,   TOX and THM samples were  collected,   quenched
with  sodium  sulfite   (Na-SO-),  and stored headspace-free for
Unchlorinated
Wastewater
----------------h-
ͣCI,
Chlorinated
Wastewater
y
TOC, COD, and NH. Samples; TOX and THM Samples: Residual  Chlorine Samples;
-Acidified to pH < 2
-Stored in two (2)  300 mL
BOD bottles
-Refrigerated at 4°C
until  analyzed
-Analyzed later
TOC COD Th,
-Quenched with Na^SO^
-Stored headspace free in
40 mL vials (approximately
six (6)  per sample location)
-refrigerated at 4°C
until  analyzed
(all  in duplicate)
Analyzed later
1
TOX
(1 or 2 replica
1
THM
tes)
-100 mL of sample collected
-DPD free and combined
residuals measured
(colorimetric titration)
-Analyzed at the time of
sample collection
free and combined residuals
(one titration each)
Fi^voce III-3 - General Sample Handling for Field and Laboratory Samples
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later analysis.  Approximately six 40 mL sample bottles were
collected at each sample location for TOX and THM analysis.
3.  Laboratory Chlorination Experimental Procedures
Wastewater for use in laboratory experiments was
collected at Chapel Hill at a point before chlorination ("C-
IN"-see Figure III-2) and stored at room temperature
overnight.  Experiments were normally conducted 12-24 hours
after the sample was collected.
The influences of chlorine dose, contact time, initial
mixing intensity (G), and total ammonia (NH. ) concentration
were investigated in the various laboratory experiments.
The first factor investigated was contact time. Wastewater
samples were mixed at a constant G in a controlled mixing
apparatus (see below), dosed with different amounts of
chlorine, and allowed to stay in contact with the chlorine
residuals for different amounts of time.  The next factor
investigated was mixing intensity.  Wastewater samples were
dosed with different amounts of chlorine, mixed at different
G values, then allowed to stay in contact with the chlorine
residuals for 60 min.  The third factor investigated was
ammonia concentration.  Three sets of experiments were
conducted to determine the influence of NH. .  All
experiments were conducted at a constant G and a constant
chlorine dose.  One set of experiments was conducted to show
the influence of contact time on TOX and THM formation in
the presence and in the absence of excess NH, .  A second
set of experiments was conducted to show how THM and TOX
48
formation is affected by varying NH.  concentrations.  The
third set of experiments was similar to the second set of
experiments except that it was conducted over a much
narrower range of NH-  concentrations.
In general, the laboratory experiments were conducted as
follows (see flow sheet Figure III-6):
1. Samples were collected to characterize the unchlorinated
wastewater.  Each day, two 300 mL BOD bottles were
acidified and stored for later analysis of TOC, COD, and
NH. .  Also, approximately six samples were collected for
analysis of initial TOX and THM.
2. 500 mL of sample was transferred to the rapid mix
apparatus (see below),
3. The temperature of the water was measured.
4. The sample of water was mixed on the rapid mix apparatus
to make the composition uniform, and then any
supplemental ammonia was added.
5. After the sample was uniformly mixed, chlorine was
injected with a 100 or 200 uL syringe from a concentrated
sodium hypochlorite (NaOCl) stock solution.
6. After chlorine addition, the sample was mixed for 10 s at
a known mixing intensity.
7. The sample was then gently mixed for a given contact time
(1,5,15,30,60, or 120 minutes).
8. After a given contact time,
a) free and combined chlorine residuals were measured,
b) TOX and THM samples were quenched with Na2S02 andstored for subsequent analysis, and
c) pH was determined.
The chlorine  stock solution used in these experiments
3
averaged ~  32.   x  10    mg/1 as CI2/   requiring injection
volumes of  20-160 ul   into 500 mL of  fluid in order  to yield
chlorine dosages of  approximately 1.25 -• 10.0 mg/1 as Cl2f
Unchlorinated
Wastewater
(2)
Transfer to
Rapid Mix
Apparatus
(   3  )  Temperature
(  '^a) Mixing Intensity
(  'ib) Supplemental NH.
Addition
(   6  )  Hl^b Intensity
(Rapid) Mixing for
10 s
Rapid
(6)  Chlorine Dose
Slow (7)
Gontant Time
(8a)  TOX and TlIM Samples
Collected and Quenched
(approx.   6 total)
(8b) Sequential Deteimination
of Froe and Combined
Residual Chlorine
----(Be) pH
(l)  Initial Wastewater Composition
(  TOG,   COD,  NH^,   TCK,  THM )
Flfiure III-6 - Laboratory Ghlorination Procedures ( Girded Numbers Refer to Numbered Steps
Listed in the Text )
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respectively.  Similarly, ammonia was added to samples with
a 1 mL measuring pipet (with 0.01 mL graduations) from 500
or 5000 mg/1 as N stock solutions of NH.Cl.
All samples in laboratory experiments were mixed in a
calibrated mixing apparatus for 10 s after chlorine
addition.  Figure III-7 shows a schematic of the mixing
apparatus.  The apparatus consisted of:
1. a metal frame to support the motor and aluminum plate
2. an aluminum plate to support the torque meter
3. a motor
4. a torque meter (No. 783, Power Instruments Inc.,
Skokie, IL)
5. a stainless steel connector (which also protected the
torque meter from the chlorinated solution)
6. a 1000 mL (glass) reaction kettle (Kimble 3373)
7. a polyethylene sheet about 3mm thick with a circular
groove cut into it corresponding to the lip of the
reaction kettle
8. a stainless steel shaft with a 1" x 2" stainless
steel paddle.
This apparatus allowed for the consistent placement of
the reaction kettle relative to the mixing paddle (the
continuous flat lip of the reaction kettle fit into a slot
cut into the polyethylene sheet), thereby allowing for
consistent mixing of different samples at a given
temperature and motor setting.  This particular apparatus
also was developed to keep sample from spilling out during
mixing (due to the slot mentioned above). Also, in this
particular apparatus, only glass, polyethylene, and
DCtor
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tcrq,ue meter
polyethylene
snee-t
reactior. kettle
X
J.
WWW! K\ WWM
alucinuE plate
see  "Detail"
belov
connector
1" X 2" paddle
Detail"  (from above)
r
Fifiiire III-7 - Schematic of the High-Intensity Mixing Apparatvis
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stainless steel were in contact with the chlorinated
samples.
The mixing intensity was measured with the aid of a
tachometer which facilitated the reading of the torque meter
and which could be synchronized with the pointer on the
torque meter to determine the rotational velocity (w).
These measurements were used to calculate the mixing
intensity (G) of the rapid mix apparatus using Equations
III-l and III-2 (Camp and Stein, 1943).
P   °-^G = III-l
UV
G =
TW    °*^ III-2
UV
where
G = mixing intensity (time  )
P = power input to the fluid (force-length/time)
w = rotational velocity (radians/time)
T = torque applied to the fluid (force-length)
u = dynamic viscosity (force/area)
V = fluid volume = 500 ml (volume)
The apparatus was capable of producing mixing
intensities from 200 to 900 s~ .  The minimum rotational
speed of the motor limited this range at the low end and the
maximum readable torque on the torque meter limited this
range at the high end.
53
All laboratory samples were gently mixed for a given
contact time (1 to 120 minutes) after the period of initial
high-intensity mixing and chemical addition.  The period of
slow mixing was considered necessary in order to keep the
wastewater well-mixed and to keep particulate material
suspended and in contact with chlorine (McCahill et al.,
1980) noted that 50 percent of the TOX in their samples was
associated with particulate material).
Most of the gentle mixing was performed by transferring
the sample from the high-intensity mixing apparatus into a
600 mL beaker and using a Phipps and Bird Jar Test Apparatus
at 30 rpm in order to keep the sample uniform.  The samples
from one set of experiments (see Section IV-B-3) were gently
mixed in closed 300 mL BOD bottles on a magnetic stirrer.
For comparative purposes, two samples from this set of
experiments were slow mixed on the jar test apparatus in
open 600 mL beakers.  (The required volumes for TOX and
residual chlorine analysis for most of the samples was
greater than 400 mL which necessitated the use of the 600 mL
beakers.  However, the TOX and residual chlorine levels in
the last set of experiments conducted were expected to be
high enough to require less volume for analysis and
therefore the 300 mL BOD bottles were sufficient for these
samples.)
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B.  Analytical Procedures
1.  TOX
TOX was analyzed using the Dohrmann MCTS-20
microcoulometric titration system with the single boat inlet
(Dohrmann Division of  Xertex,   Santa Clara,   CA).     The TOX
procedures were performed as outlined by Takahashi  et al.
(1980),  Reckhow   (1984),  and Standard Methods   (Method  506,
1985).     The procedures are  summarized in Figure  III-8 and
below:
1. acidification of  the  sample with concentrated nitric
acid   (HNO2);
2. adsorption of  the sample onto granular  activated
carbon   (GAC)   contained in two glass columns;
3. desorption of   inorganic halides by washing the GAC
with potassium nitrate   (KNO,);
4. combustion of  carbon and sorbed organics in a
pyrolysis furnace  in the presence of CO2 and O^i and
5. microcoulometric detection and titration of  halides
(all  inorganic halides should be  removed in step 3
leaving only organically bound halides) .
The following daily quality control  checks were
performed:
. Salt injection - NaCl standards were injected directly
into the titration cell to check the microcoulometric
titrator and integrator.
. "Blanks" - Blank corrections were determined by
measuring the mass of halides associated with the GAC
which was not desorbable by the KNO^ wash.
. Standards (Trichlorophenol and Trichloroacetic Acid) -
Standards were taken through all of the sample
handling procedures to check overall recovery.
The samples and standards were adsorbed onto two sample
columns connected in series (Takahashi et al., 1980;
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sample
HNO,
r
carbon
coluiDns
(  sieved to ^
100/200 mesh )
#1
DC
#2
I
T
I
I
KNO^
CARBON ADSORPTKa? NITRATE WASH
carbon with adsorbed
chlorinated organics
v» Pyrolysis HX carried Microooulometric  1-/ r*" Furnace by off gases Titration       1
1
I
I
C02 / 02 mass ofhalo-organics_
detected as X
FTROLYSIS AND DETECTION
Figure III-8    - Outline of the TQX Determination Procedures
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Reckhow, 1984).  On the average, approximately 30 percent
(or less) of the TOX appeared on the second column.  This is
a much higher percentage than is normally seen with drinking
water samples and standards at normal concentrations.  This
is not an unexpected observation, however, since there are
much greater amounts of other organics present in wastewater
to compete for adsorption sites than is seen in most
drinking water samples and standards.
The concentration of TOX in a sample or standard was
calculated as outlined in Equation III-3.
TOX =
where:
(Sample,+ Sample2) - 2 (Blank)       iii-3
TOX =     concentration of TOX ( ug/1 as CI)
Sample, = mass of halide detected in the first
column (ng as CI)
Sample^ = mass of halide detected in the second
column (ng as CI)
Blank  = average carbon blank (after KNO_ wash) (ngas CI) -^
V_   = adsorbed volume (ml)s  .
Sample volumes (V ) were normally 50 ml, requiring thes
use of two 40 mL sample vials per analysis.  However, at
times it was desirable to adsorb less volume (35 or 25 ml),
therefore requiring only one sample vial per analysis.  In
order to get better results and to decrease the turnaround
time between sample runs (the turnaround time consisted
primarily of waiting for the TOX machine to come back to
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equilibrium after the previous sample run), the best results
were obtained when the net mass of TOX detected was in the
range of 8000-12000 ng as Cl~.  When it was possible to
estimate the TOX in a sample, the adsorbed volume was
adjusted so that the mass of TOX detected would fall within
this range.  Drinking water samples can be more readily
handled at higher values (~15000 ng as CI ) because most of
the TOX is detected during the first stages of the
integration cycle.  However, in wastewater samples a larger
percentage of the TOX was detected at the later stages of
the integration cycle (regardless of the mass of TOX
detected) .
Table III-2 lists the TOX results of 10 replicate
samples collected from the Chapel Hill Wastewater Treatment
Plant Outfall.  The variability of these results is
consistent with the variability of this procedure described
elsewhere [Method 506 (Standard Methods, 1985)].
Including all preparatory and analytical steps
(preparation of carbon, analysis of blanks and standards,
analysis of sample), the total time required to analyze each
sample replicate was approximately one hour.  This estimate
assumes that no unusual problems were encountered.
Additional time was often required for preparation of a new
batch of carbon if the blanks from the first batch were too
high OlOOO ng/column).  Periodically, the MCTS-20 system
requires additional time to return to equilibrium (if the
system has been upset or if the previous column contained
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Table III-2. Variability of TOX Measurement in 10 Replicate
Samples from the Chapel Hill Wastewater
Treatment Plant Outfall,
Date
COD
NH4-N
PH
CI2  Appl Led
Temperature
TOX Replicates
(ug/l  as Cl" ͣ)
Mean
(ug/l  as Cl"")
Standard Deviation
(ug/l as Cl )
90 Percent Confidence
Intervals_
(ug/l as Cl )
11/30/83
36   mg/l as Oj
0.40 mg/l as N
7.0
15
1.5 mg/l as Clj
o„
197,182,183,180,192
185,175,213,207,199
191
12 (6.5%)
191 + 7
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too much  halide)   before  the  next   column  can  be  analyzed.
This time  requirement  plus the potential  for  other
difficulties  in analyzing TOX often influenced the  decision
concerning the number  of   samples to collect at a  given time
and the number  of   replicates to be  analyzed.
In  general,   all   samples were  analyzed at  least  once
(laboratory  samples were often analyzed at least twice)/   and
then the results were evaluated by comparing the TOX/  THM,
and residual  chlorine  results from different  samples.
Results from  samples which were not consistent with the
other data or  those which were questionable due to problems
observed during analysis were often checked by  re-analyzing
the sample.     However,   it was often not possible to analyze a
third replicate.     If  one  of  the replicates was closer  to the
expected value  than the other   (based on the  trend of  the
residual   chlorine,   THM,   and TOX data of  other  samples),   it
was generally assumed that the value  closest  to the expected
value was probably the true value.
2.     THM
THM analyses were conducted as outlined by Richard and
Junk   (1977)   and by  Reckhow   (1984)   including liquid-liquid
extraction of  the THM's with pentane and injection of  a
portion of  the pentane  phase  into a gas chromatograph   (GC).
The GC used was a  Perkin-Elmer  Sigma 1  analyzer   (Perkin-
Elmer,   Norwalk,   CT)   equipped with  an electron capture
detector.     The GC column was packed with 3% SP-1000 on
100/120 mesh Supelcoport   (Supelco,   Inc.,   Beliefonte,   PA).
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The  injection volume was  4  ul.     The  peak  areas  of   the  THM's
were normalized for  each  injection by  comparison to a carbon
tetrachloride   (CCl.)   internal  standard as described by
Reckhow   (1984).
3. TOC
Total Organic Carbon samples were acidified and purged
with nitrogen gas to remove inorganic carbon and then
injected into the total carbon channel of a Beckman 915-B
analyzer (Beckman Instruments, Inc., Fullerton, CA).  Sample
concentration was determined by comparing system response
from samples against system response from anhydrous
potassium biphthalate (CgHcKO.) standards (Method 505A,
Standard Methods, 1985) .
4. COD
Chemical Oxygen Demand was determined using the "Open
Reflux Method" (Method 508A) described in Standard Methods
(1985) .
5. Total Ammonia
Total Ammonia (NH - ) was determined using an ammonia-
specific electrode (Model No. ISE-10-10-00, HNU Systems,
Inc., Newton Highlands, MA) using the "Direct Addition
Method" (Method 417F) as outlined in Standard Methods
(1985). The use of the "Phenate Method" and the "Automated
Phenate Method" (Methods 417C and 17G, respectively
(Standard Methods, 1985)) was also investigated but they
both failed to achieve a positive response due to the
presence of interfering substances in the wastewater.
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6. Chlorine
The two methods used to measure chlorine concentrations
were a DPD Titrimetric Method (used for field and laboratory
residual chlorine measurements) and an lodometric Method
(used to standardize the NaOCl stock solution for the
laboratory experiments).  Glassware was made chlorine
demand-free by soaking the glassware in a chlorine solution
of >20 mg/1 as CI2 for 2 24 hours.
a. DPD Titrimetric Method
The chlorine residuals in field and laboratory
samples were determined using the DPD Titrimetric Method
(Method 408D) as outlined in Standard Methods (1985) except
that the Ferrous Ammonium Sulfate (FAS) titrant was
standardized as outlined by Reckhow (1984).
The DPD method can be used to measure free chlorine
and each individual chloramine species separately.  Howeverf
only free chlorine and total combined chlorine were measured
in this investigation.  The free and combined chlorine
residuals were determined by sequentially titrating the
given sample as follows:
. 100 mL of sample was measured out and poured into a
flask containing DPD indicator and phosphate buffer
(If the sample was known to have a total residual
greater than 5 mg/1 as Cljr the sample was diluted
accordingly)
. immediate titration of free chlorine after addition
of the sample
. addition of excess potassium iodide (KI) crystals
. titration of combined chlorine after 2 minutes of
contact with KI.
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To avoid confusion, it should be noted that "free" and
"combined" residuals were measured but "free" and "total"
(total = free + combined) were reported.
The DPD indicator was stored in a brown glass bottle
in a refrigerator (~4°C). The phosphate buffer and the FAS
titrant were stored in brown glass bottles at room
temperature.
b. lodometric Method
The NaOCl stock solution was standardized using the
lodometric Method (Method 408A) described in Standard
Methods (1985) with O.IOOON Y^^^^ri^O-  used to standardize the
thiosulfate (Na^SjO^) titrant.  The stock solution was
standardized twice daily during laboratory experiments, at
the beginning and end of each day (no difference was
detected within any given day and only slight differences
were observed over time).  Typically, the chlorine solution
was standardized by analyzing 2 mL of concentrated stock
solution diluted to 100 ml with distilled de-ionized water.
IV.  RESULTS AND DISCUSSION
A.  Field Investigations
The Chapel Hill (OWASA)/ Durham Northside, and
Greensboro North Buffalo wastewater treatment plants were
sampled at various times during the period from the Fall of
1983 to the Fall of 1984.  Typical results from Durham,
Chapel Hill, and Greensboro are included in Figures IV-1,
Figures IV-2 and IV-3, and Figure IV-4, respectively.  The
results are also listed in corresponding tables. Tables IV-1
through IV-4.  Results from all sampling dates are tabulated
in the Appendix.
Figure IV-1, which shows results for samples collected
at Durham on 1-11-84, will be used as an example to
illustrate what the above figures show <the reader may find
it useful to refer to Table IV-1, also).  Four arrows are
shown on this figure indicating the three sampling locations
and the point of chlorine application.  The "sample label"
included on top of the arrow ("D-IN", "D-OUT", and "D-
DITCH") identifies the sampling location.  The line directly
below the sample location label lists the TOX in ug/L as CI,
followed by a "/", and then followed by the TTHM in ug/L.
Similarly, below this line is the free residual chlorine, a
"/", and the total residual chlorine, all in units of mg/L
DURHAM NORTHS IDE SAMPLES
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LEGEND:
Sample Label
TOX/TTHM
Free Residual CI-/Total  Residual CI-
D-IN
129/13
0/0
TOC
COD
NH4+-N
T
pH
= 28
= 115
= 7.5
= ll'C
= 6.7
/
mg/1
mg/1
mg/1
as
as
as
C
02
N
D-Out
/ 230/39
0.5/1.1
D-Oitch
235/31
0.7/0.75
as CI
Applied
Failure IV- 1 TOX, THM, and Residual Chlorine Data Gollected at the
Durham Northside Wastewater Treatment Plant on l-ll-§4
( TOK and TTHM in ug/L and Cl„ residuals in mg/L )
Table IV-1.   DURHAM HORTHSIDE PIELD SAMPLES
Date
TOC
COD
Temperature
pH
Chlorine dose
L/11/84
26. mg/1  as C
115. mg/1  as  0_
gg/1  as N^8.11.
6.7
6.2 rog/1  as CI-
Sample Location DPD.Reaidual Chlorine
Free ͣTotal
mg/1 as CI-    mg/l as CI,
THM's
CiiCl,-
ug/1 ug/1
TOX'
ug/1 as CI
D-In
D-Out
D-Ditch
0
0.5
0.7
0
1.1
0.75
13
39
31
13
39
31
129
230^^
214 1 30 (2)
Replicates listed separately or given as means l 1.0 standard deviation with the number of replicates in {) ͣ
Plus one additional replicate of 537 ug/L as CI not included in calculating the mean.
OWASA FIELD SAMPLES
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LEGEND: Sample Label
TOX/THM
From Secondary Clarifier
To Other
Set of CI2
Contact Tanks
204/3.6
0.0/0.25
C-2.3
MORGAN
CREEK
C-2.1
-/-      ^^
-/-
C-2.2
214/3.4
0.10/0.25
Free Residual Cl_/Total  Residual  CI-
C-IN
156/0
0/0
TOC = 8 mg/1 as C
COD = 28 mq/l as c?
NH4'*' -N = 0.06 mq/1 as N
T = 22 "C
PH = 6.7
CI2      =2.3 mg/1  as Cl^
Applied
C-1.2
213/3.0
0.0/0.25
200/3.4
0.0/0.2
C-Out
189/4.5
0.10/0.25
Flfflge IV-2 TCDC, THM and Residual Chlorine Data Collected at
the Chapel, Hill (O'rfASA) Wastewater Treatment Plant
on 11-10-83 (tCOC and TTHM in iJg/L and Clp residuals
in mg/L )
Table IV-2. OWASA  FIELD SAMPLES
Date
TOG
COD
NH.   -N
Temperature
pH
Chlorine dose
s; 11/10/83
= 8. mg/1 as C
s 28. mg/1 as 0,
gg/1 as n'
s
0.06
22.
s 6.7
= 2.3 mg/1 as CI.
Sample Location DPP Residual Chlorine THH'a
ͣ Fcfie Total
mg/1 as CI.    mg/l as CI.
CMJ.- jnm
TOX
ug/i ug/1 ug/1 as CI
0 0 156 ± 1 (2)
2.6 3.0 213*'
2.9 3.4 200
3.0 3.6 204
2.9 3.4 214,257
4.0 4.5 189
C-In
C-1.1
C-1.2
C-1.3
C-2.1
C-2.2
C-2.3
C-Out
0
0
0
0
0.1
0.25
0.20
0.25
0.25
0.25
^Replicates listed separately or given as mean ± 1.0 standard deviation with the number of replicates in ().
''plus one additional replicate of 354 ug/L as CI not Included in calculating the mean.
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LEGEND:
OWASA FIELD SAMPLES
Sample Label
From Secondary Clarifier
TQX/THM
Free Residual CI-/ Total  Residual  CI-
C-IN
To Other
Set of CI 2
Contact Tanks
MORGAN
CREEK
138/-
0/0
TOC
COD
NH4+
T
= n.
= 22.5
-N = 0.05
= 27
mg/1
mg/1
mg/l
"C
as
as
as
C
02
N
PH = 6.6
^^2       = 1.5 mg/1 as CI,
Applied
180/-
0.2/0.4185/-tr./0.2
C-1.2
C-2.2
176/
0.1/0.3195/0.1/0.2
C-1.3C-2.3
181/
0/0.2
197/-
tr./0.2
C-Out
197/
0./0.2
Fi^j^jre IV- 3 - TQX, THM, and Residual Chlorine Data Collected
at the Chapel Hill ( CWASA ) Wastewater Treatment
Plant on 7-25-8^ ( TOX and TTHM in ug/L and Gig
residuals in mg/L )
Table IV-3.       CWA8A FIELD SAHFLES
Date
TOC
COD.
NH.   -N
Temperature
PH
Chlorine  dose
7/25/84
11. mg/1 as C
22. mg/1 as 0,
mg/1 as N0.05
27.
6.6
1.5 mg/1 as CI-
Sample Location DPP Residual  Chlorine
Jifife Ifitai.
mg/1 as CI2 mg/1 as CI2
0 0
0.2 0.4
0.1 0.3
trace 0.2
trace 0.2
0.1 0.2
0.0 0.2
0.0 0.2
TOX°
ug/1 as CI
C-In
C-1.1
C-1.2
C-1.3
C-2.1
C-2.2
C-2.3
C-Out
138 + 20   (3)
180 + 8   (2)
176 + 4   (2)**
197  + 29   (3)
185  + 7   (2)
195  + 21   (2)
181 + 3   (20
197 ± 9   (3)
^Replicates listed separately or given as neans ± 1.0 standard deviation with the number of  replicates in   ().
'^Plus one additional  replicate of  423 ug/1 as Cl~ not included in the mean.
vo
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LEGEND:
GREENSBORO FIELD SAMPLES
Sample Label
G-2A
257/-
0.0/0.65
G-iA
266/-
0.0/0.7
CI2 = 1.85 mg/1 as Clg
Applied
Nitrified
and
Filtered
Effl uent Tiia
G-IN
TOX/TTHM
Free Residual  Cl./Total  Residual  CI-
159/-
0.0/0.0
TOC       =15       mg/l as C
COD       a 33       mg/l  as O2
NH4+-N = 0.84    mg/l as N
T = ZS'C
pH > 6.2
270/
0.0/0.5
H^H
255/
0.0/0.6
G-IB
Discharge
G-2B
282/-
0.0/0.5
251/-
0.0/0.65
Figure IV-4 - TQX, THM, and Residual Chlorine Data Collected at the
Greenstoro North Buffalo Wastewater Treatment Plant
on lO-S-Sii- ( TQX.  and TTHM in ug/L and Cl^ residuals in mg/L)
Table iy-4.       68BERSB0R0 FIELD SAMPLES
Date
TOC
COD.
NH.   -N
Temperature
PH
Chlorine dose
10/8/84
15. mg/1 as C
33. mg/1 as 0,
mg/1 as N0.84
23.
6.3
1.85 mg/l as Qj
Sample Location DPP Residual Chlorine
.Fr.^e. Total
mg/1 as CI2 mg/l as Clj
TOX
ug/1 as Cl
G-In
G-IA
G-2A
G-3A
G-4A
G-IB
G-2B
0
0
0
0
0
0
0
0
0.7
0.65
0.60
0.60
0.65
0.50
159 + 1   (2)
266 ± 9   (2)
257
255
270 ± 4   (2)
251
282  + 12   (3)
^Replicates liated separately or given as means ± 1.0 standard deviation with the number of  replicates in  ().
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as CI2. In addition, the TOC, COD, total ammonia (NH.'^-N) ,
temperature (T), and pH of the secondary effluent are shown
for the unchlorinated "D-IN" sample. The results from this
sampling date at sample location "D-IN" were as follows:
TOX = 129 ug/L as Cl"
TTHM = 13 ug/L
free residual chlorine =   0 mg/L as Cl,
total residual chlorine =   0 mg/L as Clj
TOC = 28 mg/L as C
COD = 115 mg/L as O2
NH^"*'-N =   8 mg/L as N
T = 11 °C
pH =6.7
The chlorine dose used on this date was 6.2 mg/L as Cl,.
The TOX results from all three treatment plants were
similar in spite of the differences in the wastewater
characteristics at the treatment plants (see also Table III-
1).  The following were observed at all three plants:
- TOX was present in the unchlorinated wastewater.
Significant amounts of TOX were produced as a result
of effluent chlorination.
- Pew THMs were produced as a result of wastewater
chlorination.
- The TOX resulting from effluent chlorination was
formed immediately after chlorine addition with
little, if any, additional formation after the
initial period following chlorine addition.
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At Chapel Hill, the TOX in the unchlorinated wastewater
ranged from 87 to 160 ug/L as CI.  At Durham the TOX in the
unchlorinated wastewater ranged between 130-230 ug/L as CI.
Similarly, the TOX in the unchlorinated wastewater at
Greensboro was 159 ug/L as CI during the one sampling trip
to this facility.  Some of the possible sources of TOX in
the wastewater before effluent chlorination are illustrated
in Figure IV-5.  TOX in the wastewater prior to effluent
chlorination could come from a variety of sources including
NPOX remaining in the water as a result of drinking water
chlorination, industrial discharges of halo-organics, and
formation of TOX due to the use of chlorine within the plant
to control nuisance growths and odors.  It is also possible
that some of the TOX in the raw wastewater is removed due to
biodegradation (Shamat and Maier, 1980) , volatilization of
purgeable TOX, and sedimentation.  The relative importance
of each of these sources was not investigated in this study.
Significant amounts of TOX were produced as a result of
effluent chlorination but only small amounts of THMs were
produced.  The TOX produced as a result of effluent
chlorination at the three plants was on the order of 50 to
150 ug/L as CI. The amount of TOX produced as a result of
effluent chlorination was equivalent to, and often less
than, the TOX concentration present in the unchlorinated
wastewater. The amount of THMs produced was less than 10
ug/L at Chapel Hill and less than 20 ug/L at Durham on the
dates when THM samples were analyzed.  THMs were detected in
Raw Wastewater
n ͣ>
Destruction of TOT
due to blodegradatlon
»» Volatilization of POT during
activated sludge aeration
Removal of particulate or other TOT
during solids removal
-------Cl„
Wastewater
Treatment
Plant
I
Secondary Effluent i TOT  in
I
Formation of TOT due to Intermlttmit
pire-chlorlnatlon to control
nulssance growths
— Didustrlal and Institutional
discharges of TOT
Non-purgeable TOT remaining In water as
a result of drinking water chlorlnatlon
final discharge
ͣ>
TOT formation due to
effluent chlorlnatlon
Figure-IV-5 - Summary of Some Possible PUctors Influencing the Iievel of TOT In
Vfastewater before Effluent Ghlorlnatlon
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the unchlorinated wastewater at Durham but not at Chapel
Hill.  The THMs in the unchlorinated wastewater at Durham
could be due to THMs produced at the point of chlorine
addition which volatilize into the headspace of the
discharge pipe and then migrate to the "D-IN" sampling point
where the THMs re-dissolve into the water (there may be
other possible explanations.
At the three facilities investigated, no free chlorine
residual and no significant TOX production was detected
after the initial reaction of the wastewater with the added
chlorine.  It is possible that the free chlorine persists
for only a few minutes or seconds after contact with the
wastewater and that the disappearance of the free chlorine
halts the TOX formation reaction.  This observation suggests
that the presence of NH^ and the degree of initial mixing at
the point of chlorine application may be important factors
affecting TOX formation in wastewater. These two factors
have already been shown to be important in wastewater
disinfection (White, 1972; EPA, 1975; Longley, 1978; Venosa,
1983; White et al., 1983; and WPCF, 1984).
The level of TOX in all chlorinated samples at a
particular treatment plant on a given date was fairly
constant and so it is appropriate to consider the data
collected from these different locations as replicates of
one overall system sample.  The net TOX formation,
calculated by subtracting the TOX in the unchlorinated
wastewater from the mean of all chlorinated samples, and
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Other pertinent data collected on all sampling dates are
summarized in Table IV-5.
Before concluding this discussion of the field results,
a brief comment needs to be made concerning the results from
N^he January 1984 samples collected at Chapel Hill (see
Appendix).  The TOX and residual chlorine results from Tank
2 were significantly different from the results from Tank 1
on this date, presumably due to an uneven distribution of
the added chlorine or of the wastewater flow between the two
tanks.  This observation was not seen on any of the other
sampling visits at Chapel Hill.
B.  Laboratory Studies
The focus of the laboratory experiments conducted in
this investigation was based on the observation that free
chlorine did not persist and that TOX formation was halted
shortly after the addition of chlorine at the three
facilities investigated. The results observed at these
three plants were influenced by the chlorine doses used and
by the wastewater characteristics at these facilities, but
the results also suggest the need to investigate the factors
which may influence the interaction between HOCl, MH2, and
TOX precursors during the first few minutes (seconds) after
chlorine addition to wastewater.  The influence of contact
time, chlorine dose, initial mixing intensity (at the point
of chlorine application), and ammonia concentration on TOX
Table  IV-5 Summary of  Field Inv estlgatione1
Date Temp.
CI
Dose
mq/J ma/l
Chlorine-
Ammonia
Ratio
mol/niQJl_
TOC
mq/J
Net
TTHM
ug/L
TOX
CitY
Before
.«g/l_M
a
_C1_
After  CI
wq/1 «8 a.
Net
Chapel
Hill
11/10/83
1/  6/84
3/23/84
7/25/84
22
13
17
27
2.3
2.4
1.2
1.5
0.06
0.05
0.06
0.05
8.
10.
4.
3.
8.
7.5
7.3
11.
<  5
<10
156
135
87
138
204
211-286
214
189
48
76-151
127
51
Durham
North side
1/11/84
3/19/84
7/25/84
11
15
27
6.2
4.5
5.8
8.
11.2
4.8
0.16
0.08
0.24
28
68
;53
18 129
135
226
219
252
280
90
117
54
Greensboro 10/8/84  23   1.9 0.84 0.45 15 159
268 109
^
^
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formation in Chapel Hill wastewater was investigated during
three sets of laboratory experiments.
All results are presented in tabular and graphical form.
TOX values are reported as net TOX formation, meaning the
TOX formation beyond the initial TOX concentration in the
unchlorinated wastewater.  The TOX concentration before
chlorination is listed in the appropriate table.
Before discussing the laboratory results, it should be
mentioned that an effort was made during this investigation
to show that the loss of volatile TOX was not important
during the gentle mixing portion of these laboratory
experiments.  Side by side comparisons were conducted
between the two methods of sample handling described
earlier, plus a third sample handling technique in which the
samples were transferred directly into 40 mL sample vials
after high-intensity mixing and stored headspace free
(without mixing) for the given contact time.  The results of
these comparisons are listed in Table IV-6.  They show that
the loss of THMs and other volatile TOX does not seem to
have been substantial during the gentle mixing portion of
this experiment under the conditions tested.
1.  Influence of Contact Time and Chlorine Dose
Figures IV-6 through IV-8 and associated Tables IV-7
through IV-9 show the net TOX formation and residual
chlorine levels vs. contact time at three different chlorine
doses.
Table IV-6.   Comparison of Laboratory Handling Procedures After Chlorination of Chapel Hill Wastewater
Method of
Handilna
Chlorine
Dose
(mg/L)
Ammonia
Dose
(mg/L)
Contact
Time
.. (min)
ppsidtial
Free
(mg/L)
ͣChlorine
Total
Ijng/U
Net TOX
ug/L as CI
_imia_
CHCl,   TTHH
(ug/L) iun/Ll
3/1/85
BOD bottle
Open beaker
BOD bottle
Open beaker
Unchlorinated
10.2
10.2
0.0 60 4.0 4.9 351
60 4.2 4.9 361
0.5 60 0.7 1.6 277
60 1.0 2.0 277
67
58
61
52
86
71
75
63
77
7/18/65
40 mL vial 5.0
40 mL vial 5.0
BOD bottle 5.0
Open beaker 5.0
Unchlorinated
60 0.75 1.35 227
120 0.45 1.1 327
60 0.6 1.4 294
60 0.8 1.45 225
169
47 78
54 92
47 80
43 69
^ All samples were mixed for ten seconds after chlorine addition and then either stored headspace freein 40 mL sample vials, mixed in an open beaker, or mixed in a closed BOD bottle for the given contact
time.
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LEGEND    I
Jl
5.0 mg/L chlorine dose (7-13-8^)
2.5 mg/L chlorine dose  (7-13-&+}
2.3 mg/L chlorine dose (?- 2-54)
©
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TIME (  iiiir.  )
I
40
I
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Figure  IV-6 Influence of Contact Time and Chlorine Dose on Net TCK
Formation in Laboratory Experiments  of 7-2-84 ( COD= 29 mg/L;
NH2^= 0.08 rag/L ) and 7-13-84 (T0G=18 mg/L;COD= 27.^ mg/L;
NH^= 0.1 mg/L )
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Table IV-7.       Met TOX Foraation vs.  Tise and 0HA5A Nastewatcr with Different Doses of Added Chlorine
Date
TOC
OOD
MB.   -K
Hiiin^ Intensity
Temperature
PB
HaEtewatei   TCX
Before Chlorination
7/13/B4
17.«
27.4
0.1
500.
2<.
7.0-7.1
149.
ag/l aa C
ͣs/1 as O,
ͣ9^1 ss R''
ug/l as CI
Chlorine Dosage Time DPD Residual Chlorine
rree Total
BET TOX Forsation"
ag/1 as a. ͣ8/1 as a. '1 as a.
NuBber
of Replicates U9/1 as a
0.70 1»« + 2
O.SO 210   2
o.co 194   1
0.45 214 1 10
2.25 241   30
l.CO 315 i 20
1.10 374 ± 21
0.C5 3n
2.S X
s
15
••
1
S
IS
ca
O.IS
0.05
0.00
0.00
1.40
0.75
O.tO
0.00
All   replicate values or aesn * 1.0 stsndard deviation values are given.
7/V«4Dste
TOC
CODj.
NB,   -B
Mixing Intensity
Tcapcrature
PH
Wastewater TOX
Before Chlorination
2S.0
0.0*
425.
25.
7.0
102.
ͣg/1 as C
ͣg/1 as 0,ͣa/l as B^
ug/l as CI*
Chlorine Dosage Tiae DPD Residual Chlorine
Free Total
BET 10X Fotaation
ug/l  aa CI, sig/1 aa a. '1 as Oj of
BiBber
Replicates ug/l as a
0.35 4 145  ± S
0.35 4 150  1 »
0.30 3 148  * I
0.20 3 122  * 12
2.5 1
S
15
CO
0.05
0.00
0.00
0.00
^All  replicate values or acan * 1.0  standard deviation values are given.
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Figure IV-7    -    Influence of Contact Time and Chlorine Dose on Net
TQX Formation in Wastewater During the Laboratory-
Experiment    of 10-16-S4'   (  TOG = 8.7;  NHj^=  0A3 mg/L )
Table    lV-8.      Net TOX Focnation vs. Time in ONASA Naatewater with Various Doses of Added Chlorine.
Date
TOC
COD.
HH.   -N
Mining Intensity
Temperature
PH
Wastewater TOX
Before Chlorination
10/16/84
8.7 mg/l as c
35. mg/l as °2
0.43 mg^l as
8c651.27.
6.9-7.0
105. ug/1 as CI
Chlorine Dosage Time DPD Residual  Chlorine
Free Total
NET TOX Formation
ng/l  as  CI2 min. ng/1 as CI. mg/l  as CI,
Number
of  Replicates ug/1 as Cl'
1.25
2.5
5.0
1
5
15
60
1
5
15
60
1
5
15
60
120
0.05
0.00
0.00
0.00
0.5
0.15
tr.
0.0
2.05
1.65
1.00
0.35
0.00
0.20
0.03
0.00
0.10
1.0
0.75
0.60
0.00
2.55
2.20
1.45
0.85
0.00
67 + 8
10/ + 17
99
105 + 37
154 + 28
134 + 44
184 + 28
153 + 8
146 + 44
160 + 47
227 + 11
179 + 59
184 + 63
All  replicate values or mean ±1.0 standard deviation values are given.
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25c
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Figure IV-8 - Influence of Contact Time and Chlorine Dose on
Net TOX Formation in Wastewater During the Laboratory
Experiment of 1-31-85 ( TOG= 9-3 mg/L; NH^= 1.0 mg/L )
Table IV-9. Net TOX Formation vs. Time in OHASA Wastewatec with Various Doses o£ Added Chlorine.
Date - 1/31/85
TOC -   9.3
COD - 50.0
NH. -N «    1.0
Mixing Intensity » 372.
Temperature ° 24.
pH « 6.4-
Wastewater TOX > 133.
Before Chlorlnatlon
6.7
mg/1
mg/1
mg/l
K
as H
ug/1  as CI
Chlorine  Dosage Time DPD Residual Chlorine
Free Total
NET TOX Formation
mg/1  as CI,
Number
min. mg/1 as Cl^ mg/1 as Clj of Replicates ug/1 as CI
1 0.1 0.35
2 76 ± 7
5 tr. 0.30
2 65 ± 16
15 tr. 0.25
2 69 ± 3
30 tr. 0.25
1 79   h61 ± ll"
60 0.0 0.15
3
1 0.30 1.0
2 136 ± 1
5 0.05 0.6
3 102 i  23
15 0.10 0.8
2 110 ±  0
30 0.25 0.6
2 111
60 0.00 0.6
3 101 ± 26
1 1.90 2.70
3 184 ± 46^
5 1.15 2.00
2 215
15 0.45 1.25
1 241
30 0.20 1.15
1 266
60 0.15 0.85
3 233 ± 26
120 0.00 0.75
1 282
1.31
2.62
5.23
All replicate values or mean ±1.0 standard deviation values are given,
''plus one additional replicate of 13 ug/L as CI not Included in calculating the mean.
^PluB one additional replicate of 167 ug/L as CI not included in calculating the mean.
Plus one additional replicate of 310 ug/L as CI not included in calculating the mean.
00
U1
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The results show that most of the TOX produced was
formed within the first minute, with little additional TOX
produced at longer contact times except when the chlorine
dose was large enough to produce a more persistent free
residual.  Only chlorine doses above 5 mg/L produced
significant free residuals after the first minute.  TOX
formation increased and the free chlorine residual persisted
for 15 to 60 minutes in these samples.  TOX formation
usually ceased at about the time the free residual
disappeared.
Some free residuals were detected at very low levels
(^0.20 mg/L) in some of the samples at chlorine doses below
5 mg/L.  These "detected" free residuals may have been
"true" free residuals or they may have been NCl^ or certain
organic chloramines (NCI- and certain organic chloramines
can behave like free chlorine in the DPD chlorine
measurement).  The "detected" free residuals in these
samples did not show a corresponding increase in TOX
formation.
These experiments were conducted on four different days,
using four different wastewater samples.  The extent of TOX
formation varied with the changing composition of the
wastewater.  A chlorine dose of "2.5 mg/L resulted in net
TOX productions varying from ~100 to 200 ug/L as CI .
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2. Influence of Mixing Intensity
The results of the field investigations and the first
set of laboratory experiments seem to indicate that the
reaction conditions at the point of chlorine addition may
have a great deal to do with the TOX production in
chlorinated wastewater since HOCl does not persist for very
long after the chlorine is added.  Some researchers believe
that the degree of initial mixing is critical for wastewater
disinfection in order to evenly distribute the chlorine so
that 1) better initial kills are achieved and so that 2) the
formation of combined residuals is maximized.  Since many of
the factors that influence disinfection also influence TOX
formation, the experiment described below was conducted to
see if initial mixing had an effect on TOX formation in
Chapel Hill wastewater.
The results from this laboratory experiment are
illustrated in Figures IV-9a and IV-9b and are listed in
Table IV-10.  It should be noted that during this
experiment:
- four chlorine doses and four mixing intensities were
investigated;
- the mixing conditions in this laboratory experiment
were probably superior to the conditions common in
wastewater chlorination practice;
- the ammonia concentration in the wastewater was
appreciably greater than in previous samples;
LlJiGEND    t
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Figure IV-9A    - Influence of Mixing Intensity and Chlorine Dose en TOX Formation in Wastewater
During the Laboratory Experiment of I-3I-85 ( see also Figure IV-9B )
(TOC= 9.3 mg/L;  NH^ = 1.0 mg/L;  Contact Tlme= 60 min.   )
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Figure IV-9B    - Influence of Mixing Intensity and Chlorine Dose on TOX Formation in Wastewater
During the Laboratory Experiment of I-3I-85 ( see also Figure IV-9A )
(  TOC= 9-3 mg/L} NH^=  1.0 mg/L;   Contact Time= 60 min.   )
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Table IV-10. Net TOX Focaatlon vs. Initial Mixing Intensity in 0HA8A Nastewatec with Various Doses of Added Chlorine.
Date B 1/31/85
TOC = 9.3 mg/1 as
COD.
NH  -N
Corttact Time
a 50.0 mg/1 as
K 1.0 mg/1 as
B 60.0 K"Temperature = 24.
pH B 6.5-6.6
Wastewater TOX B 133. ug/l as
Before Chlorination
c
°2
Chlorine Dosage   Mixing Intensity DPD Residual Chlorine
Free Total
NET TOX Formation
ing/1 as Cl-
,-1 mg/1 as Cl. mg/1 as CI,
Number
of Replicates ug/l as Cl'
1.31 288
372
513
728
0.0
0.0
0.0
0.0
0.15
0.15
0.20
0.15
14 i 25
61 ± 11
58 ± 31
35 i 28
2.62 288
372
513
728
0.0
0.0
0.0
0.0
0.60
0.60
0.60
0.65
133 i 18
101 i 26
117 ±  20
145 i  37
3.92 288
372
513
728
0.0
0.0
0.0
0.0
0.95
0.75
0.85
0.85
145 ± 18
153 ± 27
178 ± 54
156 i 4
5.23 288
372
513
728
0.10
0.15
0.15
0.20
0.9
0.85
0.85
0.95
262 1 22
233 ± 26
147 ± 11
274 i 28
^All replicate values or mean ±  1.0 standard deviation values are given.
'plus one additional replicate of 13 ug/L as Cl not included in calculating the mean.
O
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- the ammonia concentration was such that all of the
chlorine doses used were below the "breakpoint" (the
highest chlorine dose used was equivalent to a
chlorine-ammonia ratio of 1 mol/mol);
- no free chlorine was detected in any of the samples
after 60 minutes of contact except at the 5 mg/L
chlorine dose, where the "free" chlorine detected may
not have been a "true" free residual.
Visual inspection of Figures IV-9a and IV-9b shows that
TOX formation at a given chlorine dose appears to be
constant for all mixing intensities tested.  The one
exception was the TOX formation at G = 513 s~ and a
chlorine dose of 5.23 mg/L.  This particular sample appears
to be an "outlier" and may have been the result of an
improper chlorine injection or some other sample handling
irregularity.  Statistical analysis of the results shows
that, except for the "outlier" described above, TOX values
at each chlorine dosage level were not significantly
different from one another at significance levels greater
than 50%.
3.  Influence of Ammonia Concentration
Three sets of experiments were conducted to investigate
the influence of ammonia on TOX formation in wastewater. One
set of experiments was conducted to see what effect ammonia
concentration would have on TOX production as a function of
time.  TOX formation, THM formation, and residual chlorine
92
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Figure TV-IO    - Influence of Contact Time on TQX Formation in Wastewater
Supplemented with 2 mg/L of Ammonia Dioring the Laboratory
Experiment of 2-20-85 (  TOG = 7.^ mg/L; NhJ = 0.06 mg/L )
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Fij^ure IV-11    -    Influence of Contact Time on TTHM Formation in Wastewater
Supplemented with 2 mg/L of Ammonia in the laboratory
Experiment of 2-20-85 ( TOC= 7.4 mg/L; N}^ = 0.06 mg/l )
Table IV-11.    Net TOX and TBM rocaatlon vs Time in OHASA Wastewater with 10.2 ag/l of Added Chlorine and 0.0 and2.0 M9/1 o£ Added Amonia
DATE -   2/20/85
TOC -     7.4     mg/l as C
COD •  40.       mg/l as O,
NH^-N -     0.06  mg/l  as N
nixing  Intensity ° 485.  S
Temperature >    24.     C
pH = 6.8-7.0
Wastewater TOX Before Chlorinatlon >: 105.  ug/1 as CI
Chlorine
Dosage
Added
Ammonia
Chlorine-
Ammonia-
Ratio Time
DPD
Residual  Chlorine
NET
TOX Formation
NET
THH Formation
Free                    Total CHQj                           TTHM
mg/l as a2 mg/l as H Rol/mol min. mg/l as Clj      mg/l as Clj ug/1 as CI ug/1 as CBClj      ug/1 as TTHH
10.2 33.5
10.2 1.0
1 5.9 7.1 253 23
5 5.3 6.3 367 29
15 4.7 5.9 352 + 16" 41
30 3.7 5.0 407 48
60 2.6 3.7 374 + 27" 60
120 1.4 2.8 478 71
1 0.2 9.0 135 + 8" 3
5 0.2 8.9 169 3
15 - 8.7 139 9
30 0.1 8.7 168 3
60 - 7.8 135 + 29" 5
120 0.1 7.8 181 3
26
33
48
56
70
84
3
3
10
3
6
3
°Hean ±1.0 Standard Deviation (2 replicates)
Mean + 1.0 Standard Deviation (3 replicates)
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Figure IV- 12 Influence of Ammonia Concentration on TOX Formation inChapel Hill Wastewater Supplemented with Varying Amountsof Ammonia in the Laboratory Experiment of 2-20-65
Table IV-12.     Net TOX and TBH rocaation in OHMA Wastewater After One Hour Contact Time with 10.2 and 2.6 1119/I ofAdded Chlotine and 0,2,4,6,8,  and 10 ag/l of  Added Ammonia.
DATE -  2/20/85
TOC «    7.4    rog/1 as C
ODD ͣ> 40.       mg/1 as 0,
NB^-N <•     0.06  mg/1 as N
Mixing Intensity = 485.   S ^
Temperature «=    24.     C
pH = 6.8-7.0Wastewater TOX Before Chlorination = 105.   ug/1  as CI
Chlorine
Dosage
Added
Ammonia
Chlorine-
Ammonia-
Ratio Time
DPD
Residual Chlorine
NET                                          NET
TOX Formation               THH Formation
Free                      Total CHQj                         ITHH
mg/1 as Clj mg/1  as M mol/mol min. mg/1 as Clj      mg/1 as Uj ug/1 as CI         ug/1 as CHCI3       ug/1 as TTHH
10.2
2.55
0 33.5 60 2.6 3.7
2 1.0 60 - 7.8
4 0.5 60 0.25 8.5
6 0.33 60 0.5 8.6
8 0.25 60 0.3 8.4
10 0.20 60 0.3 8.6
0 8.38 60 tr. 0.4
2 0.24 60 tr. 1.5
4 0.12 60 tr. 1.6
6 0.08 60 tr. 1.6
8 0.06 60 tr. 1.8
10 0.05 60 tr. 1.9
374 + 27" 60
135 + 29" 5
123 0
108 0
89 0
119 0
188 12
83 0
57 0
77 0
69 0
89 0
70
6
0
0
0
0
16
0
0
0
0
0
Mean t 1-0  Standard Deviation   (2 replicates)
'Mean + 1.0  Standard Deviation   (3  replicates)
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levels were monitored over time in two sets of samples, one
set dosed with 10 mg/L of chlorine and the other set dosed
with the same amount of chlorine plus an ammonia dose of 2
mg/L as N (2 mg/L of ammonia added to a wastewater already
containing 0.06 mg/L of ammonia).
The results from this experiment are listed in Figures
IV-10 and IV-11 and in Table IV-11.  The information in
these figures and tables shows that free chlorine persisted
in the samples without added ammonia for at least two hours
and that TOX and THM formation increased accordingly during
this period.  After chlorine was added to samples
supplemented with ammonia, some TOX and THMs formed
immediately after chlorine addition, but the presence of the
ammonia caused the rapid consumption of free chlorine and
totally halted the TOX and THM formation reactions. The
substantial combined residuals in the samples with added
ammonia produced no additional TOX or THM formation during
up to two hours of contact.
A second experiment was conducted to investigate the
influence of ammonia concentration on TOX and THM formation
at two different chlorine doses.  The results from this
experiment are illustrated in Figures IV-12 and Table IV-12.
These results show that at both chlorine doses, the TOX and
THM formation reactions were substantially reduced when 2
mg/L or more of ammonia were added.  A free residual was
detected at the 10 mg/L chlorine dose when no ammonia was
added but essentially no free residuals remained after 60
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minutes of contact when the ammonia concentration was
greater than 2 mg/L.  Addition of ammonia increased the
total residual at both chlorine doses.  In the samples
without added ammonia, TOX formation at the 10 mg/L chlorine
dose was approximately two times greater and the THM
formation at least four times greater than at the 2.5 mg/L
chlorine dose.  However, when ammonia concentrations greater
than 4 mg/L were added, the THM formation reaction was
totally halted at both chlorine doses and TOX formation at
the 10 mg/L chlorine dose was only 30 to 60 ug/L as CI
greater than at the 2.5 mg/L chlorine dose.
The final experiment conducted was similar to the
previous experiment except that only one chlorine dose was
used and a much narrower range of ammonia concentrations was
investigated.  The intent of this experiment was to
investigate TOX formation, THM formation, and residual
chlorine levels at more points along the breakpoint curve
than were investigated in the previous experiment.  The
"breakpoint" curve for this experiment has a different
representation and shape than typical breakpoint curves
discussed previously (see Section II-B-2).  The curve for
this experiment is different because the chlorine dose
remains constant and the ammonia concentration is varied,
whereas in typical breakpoint curves the water composition
remains constant and the chlorine dose varies.
Figure IV-13 shows the theoretical breakpoint curve for
a pure HOCl-NH^ system in which the chlorine dose is
MSKMDi
AAA - ͣonochloramlne formation ( total resldual= chlorine dose)
BBB - "hump" (In the terminology of a normal breakpoint curve)
CCC - partial monoohloramlne (and total ammonia) destruction
DDD - breakpoint
BGB - breakpoint or free residual chlorlnatlon
BBB
AAA
chlorlne-amnonla ratio      ^-
g
added ammonia
Figure IV*13 - Hypothetical "Breakpoint Curve" for a "Pure" HOCl-NH- Reaction System In Hhlch the
the Chlorine Dose  Is Constant and the Ammonia Concentration Varies ( Regions AAA through
EEE on this Curve Correspond to Regions A through E, Respectively,In Figure II-l )
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constant and the ammonia concentration is varied.  Note that
the curve is drawn showing increasing ammonia concentration
to the right and increasing chlorine-ammonia ratio to the
left.
The results from the experiment in which Chapel Hill
wastewater was supplemented with varying amounts of ammonia
and then dosed with 10 mg/L of chlorine are shown in Figures
IV-14 through IV-16 and in Table IV-13. Figure IV-14
indicates TOX, THM, and residual chlorine versus added
ammonia concentration.  This curve was intended to relate
directly the changes in these factors with the changes in
ammonia.  The other two curves indirectly illustrate the
impact of added ammonia by relating the changes in TOX, THM,
and residual chlorine versus changes in the chlorine-ammonia
ratio.  These two breakpoint curves are the same except that
Figure IV-16 focuses on the region below the breakpoint.
For comparative purposes, an axis at the bottom of each of
these figures was included to indicate the amount of added
ammonia corresponding to the chlorine-ammonia ratios.  The
results from part of the previous experiment (see Table IV-
12) were also included in Figure IV-16.  Note that in all of
these figures, the ammonia concentration increases to the
right and the chlorine-ammonia ratio increases to the left.
The results from this experiment and from the previous
experiment show that:
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Figure IV-l4 - Influence of the Added Ammonia Concentration on Chlorine
Residuals and TOX and THM Formation During the Laboratory
Experiment of 3-l-85(Clj, dose = 10.2 mg/L;TOG =6.6 mg/L;Ambient NH. = 0.10 mg/L )
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Figure IV-15    -  Influence of Chlorine-Ammonia Ratio on Chlorine Residuals
and TOX and THM Formation During the Laboratory Experiment
of 3-1-85 (ai„ dose =  10.2 mg/L;   TOG =  6.6 mg/L;Ambient
N% = 0.10 mg/L)
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Figiire IV-16 -  Influence of Chlorine-Ammonia Ratio on Chlorine Residuals
and TCK and THM Formation    (near and below the "breakpoint")
During the Laboratory Experiments of 2-20-85 and 3-1-85
(the "breakpoint" occurs near 3j1 mol/mol chlorine-ammonia
ratio)
Table IV- 13.    Net TOX and TQM Formation vs Chlorlne-MMonla Ratio In OMASA Wastewater with 10 ncr/l Ot Added Ghlotlne
and 0.0 to 4.0 mg/1 of Added Ammonia
DATE -  3/1/85
TOC »    6.6    mg/1  as C
COD > 42.       mg/1  as O,
NH.-N -     0.10  mg/l  as N
Mixing Intensity
Temperature
PH
Wastewater TOX Before Chlorination
-  450.   S ' ͣ
'     26.   °C
=  6.8-7.0
ͣ=    77.  ug/1  as CI
Chlorine
Dosage
Added
Ammonia
Chlorlne-
Ammonia-
Ratio Time
DPD
Residual Chlorine
NET
TOX Formation
BET
THH Formation
Free         Total CHCI3          TTHH
mg/1 as Clj mg/1 as H mol/nol nin. mg/1 as CI2  mg/1 as Cl^ ug/1 as a ug/1 as cnCl,  ug/1 as TTHM
10.2 0.0 19.5
0.1 9.9
0.2 6.6
0.5 3.3
0.75 2.4
0.9 2.0
1.05 1.7
1.2 1.5
1.5 1.25
1.75 1.1
2.0 0.96
4.0 0.5
60 4.1 4.9
3.4 4.1
2.7 4.1
0.8 1.8
0.0 0.9
0.0 3.9
0.0 5.3
0.2 7.0
0.3 8.1
0.3 8.5
0.4 8.6
0.4 9.2
356 ± 6" 67
269 + 27" 66
286 69
277 + O" 61
222 48
196 32
152 28
163 21
181 ± 9* 13
156 7
91 + I* 4
108 0
85
84
88
74
58
37
32
26
16
8
4
0
Mean t 1.0 Standard Deviation   (2 ccpllcatee)
o
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the "breakpoint"  appears to have occurred at a
chlorine-ammonia ratio between 2 and 3 mol/mol (or at
added ammonia concentrations between 0.5 and 0.9 mg/L)
at chlorine-ammonia ratios past the breakpoint (or at
added ammonia concentrations less than 0.75 mg/L as N)
. free residuals were present indicating that more TOX
and THMs may have been produced if the contact time
had been longer
. TOX and THM formation decreased only slightly with
increasing ammonia concentrations in this region
(see Figure IV-14) but the corresponding decrease in
TOX seen as the chlorine-ammonia ratio decreased was
not as pronounced (but this may be due to the time
constraint mentioned above) (see Figure IV-15)
at chlorine-ammonia ratios between the "hump" (1
mol/mol) and the break point (2-3 mol/mol)
. TOX formation and THM formation increased as the
chlorine-ammonia ratio increased (or as the ammonia
concentrations decreased)
. no free chlorine was detected until after the
breakpoint
. the total residual decreased as the chlorine-ammonia
ratio increased (or as the ammonia concentrations
decreased)
1 in this case, the breakpoint means the point at which
enough ammonia and other reduced species are present to
consume all the free chlorine)
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- at chlorine-ammonia ratios below the "hump" (1 mol/mol
— or at added ammonia concentrations greater than 2.0
mg/L as N)
. THM formation was barely detectable
. the total chlorine residual was almost constant
. no free chlorine was detected
. TOX formation was lower and fairly constant
The TOX results in the above experiment would have been
different if the experiment had been conducted as a
"typical" breakpoint chlorination study in which only the
chlorine dose changes.  In the typical breakpoint
chlorination study, the TOX would probably increase with
increasing chlorine dose throughout the entire breakpoint
curve, even though the degree of these increases may have
been different in different regions of the curve.  However,
it would have been difficult to discern what portion of the
increased TOX was due to the increased chlorine dose and
what portion was due to the changing nature of the
competition between organics and ammonia for HOCl.  In the
experiment described in this report, the only factor which
changed was the competition between ammonia and organics for
the added chlorine.  Therefore, the influence of ammonia
concentration could be evaluated without having to account
for other factors.
C. Discussion and Implications
The results from the field investigations indicate that
the TOX formation was similar at these different facilities.
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even though the effluent quality and chlorine dosages were
different.  This indicates the possibility that the chlorine
dose necessary to achieve a given disinfection requirement
in different wastewaters may produce the same amount of TOX.
This observation would need to be confirmed at other
facilities and in the laboratory.
In an effort to normalize the field and laboratory
results for comparison to other investigations, TOX yields
given as a percentage of the chlorine dose and given as a
yield of TOX per mole of TOC were calculated and are
summarized in Table IV-14. Results from other investigators
are summarized in Table IV-15. The results from this
investigation show that:
- the TOX yield as a percent of chlorine dose was
slightly higher in this investigation than in other
investigations;
- the TOX yield per mole of TOC was lower in this
investigation than in the investigation by
Fleischacker and Randtke (1983), primarily due to the
higher chlorine doses used in their study;
- TOX yield as a percent of chlorine dose decreased as
the chlorine dose increased (except in the laboratory
experiment of 1-31-85);
- TOX yield as a percent of chlorine dose was generally
greater in the field observations;
- TOX yield per mole of TOC increased with increasing
chlorine dose;
Table IV-14. Summary of Results from Field and Laboratory Investigationa Including TOX Tleld aa K
Percent of Chlorine Dose and Yield Per Hole of TOC
Pate
CI
Dose TOC
ImaZU
NH.*
(Blg/L)
Net TOX
Formation
(ug/L 99 ai
TOX IlfiM    .
Sajnple
%  of  CI,
D98e     (?)
TOXAt
(mmol/i
Field - C.   Hill
Field - C.   Hill
Field - C.   Hill
Field - C.   Hill
11-10-83
1-6-84
3-23-84
7-25-84
2.3
2.4
1.2
1.5
8
7.5
7.3
11
0.06
0.05
0.06
0.05
48
114
127
51
4
10
21
7
2.03
5.14
5.88
1.57
Field - Durham
Field - Durham
Field - Durham
1-11-84
3-19-84
7-25-84
6.2
4.5
5.8
28
68
53
8.00
11.2
4.8
90
117
54
3
5
2
1.09
0.58
0.34
Field - Gceensboto 10-8-84 1.9 15 0.45 109 11 2.46
Laboratory 7-2-84 2.5 - 0.1 148 12
-
Laboratory 7-13-84 2.5
5.0
17.6 0.1 210
377
17
15
4.03
7.24
Laboratory 10-16-84 1.25
2.5
8.7 0.43 104
147
17
12
4.04
5.71
Laboratory 1-31-85 1.31
2.62
3.92
5.23
9.3 1.0 69
110
158
256
11
8
8
10
2.51
4.00
5.74
9.30
Laboratory 2-20-85 2.55
10.2
7.4 0.06
10.00
0.06
10.00
188
89
374
119
7
2
15
7
17.1
5.44
8.59
4.07
Laboratory 3-1-85 10.2 C.6 0.1
1.0
4.1
356
196
108
7
4
2
18.2
10.0
5.53
o
00
Table IV-15. Sunnary of TOX Yield (as a Percent of Chlorine Dose and Yield per Mole of TOC) from Other Investigators
Sampip
CI,
Dose
iina/U
TOC
Ima/U. rmg?L)
Net TOX
Formation
fug/L as CI)
TOX Yield
Investigator
% of CI
Dose
(«)
2
TOX/TOC
(mmol/mol)
Jolley (1975a) primary effluent 6 1
secondary effluent 2 - - - 1 -
Chow and Roberts (1981) nitrified
wastewater
20
40
- <0.07-0.2 737
929
7.0
4.7
-
non-nitrified
wastewater
effluent
20
40
- 20-35 269
269
2.7
1.3 -
Fleischaker and
Randtke (1983)
(free chlorine
added)
(preformed combined
chlorine added)
humic acid 20 3.
peat 20 3.
fulvic acid
groundwater fulvic 20 3.
acid
groundwater 30 3.
secondary effluent 20 3.
humic acid 20 3.
peat fulvic acid 20 3.
groundwater 20 3.
fulvic acid
groundwater 20 3.
secondary effluent 20 3.
774
684
7.7
6.8
87.3
77.2
570 5.7 64.3
390
312
2.6
3.12
44.0
35.2
156
87
96
1.56
0.87
0.96
17.6
9.82
10.8
36
114
0.36
1.14
4.06
12.9
o
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- TOX yield per mole of TOC was approximately the same
in field and laboratory samples at the same chlorine
doses (compare doses "2.5 mg/L in Table IV-14).
The TOX levels produced during wastewater chlorination
at these three facilities do not seem substantial,
especially when compared with the TOX levels produced during
drinking water chlorination and compared with the TOX levels
present in the unchlorinated wastewater.  However, it is
hard to judge what amount of TOX formation is harmful and
what amount is not harmful until this question has been
further investigated.
A major portion of both the field and laboratory
investigations dealt with interpreting the influence of
ammonia concentration on TOX formation in wastewater.  In
general, it appears that TOX formation decreases as the
ammonia concentration increases.  THM formation is also
reduced as chlorine-ammonia ratios decrease and THM
formation is totally inhibited below the "hump" (<1 mol/mol)
of the breakpoint curve.
Chlorine-ammonia ratios commonly used at most wastewater
treatment plants are below the "hump" of the breakpoint
curve.  Some facilities with well-nitrified effluents try to
practice "breakpoint chlorination", but many of these
facilities have experienced trouble achieving "disinfection"
guidelines and have found that adding ammonia to nitrified
wastewaters allows these facilities to meet disinfection
requirements at much lower chlorine doses (Dhaliwal and
Ill
Baker, 1983; White et al., 1983; Gasser, 1984; and Gordon,
1985).  This practice of nitrifying wastewater and then
adding ammonia before chlorination would seem to be
beneficial in terms of reducing the TOX formation.  The TOX
formation could possibly be further reduced by forming the
combined chlorine before addition to the wastewater.  The
impact of these practices on disinfection, aquatic toxicity,
and other factors would need to be evaluated before
implementing such practices, however.
There is still a great deal to be learned about what
reactions occur at chlorine-ammonia ratios between the hump
and the breakpoint.  Selleck et al. (1978) have stated that
the unstable HOCl-NH^ reaction products in this region (the
"breaking residuals") may provide better disinfection than
free residuals.  The prospect of chlorinating wastewater at
chlorine-ammonia ratios in this region of the breakpoint
curve is intriguing and is deserving of further
investigation, but it is not common practice to operate in
this region of the breakpoint curve.  TOX formation in this
region of the breakpoint curve was shown to be very
sensitive to the chlorine-ammonia ratio.  TOX formation
decreased (and the total chlorine residual increased) as the
chlorine-ammonia ratio decreased towards the hump in this
region of the breakpoint curve.
The formation of TOX and THMs at chlorine-ammonia ratios
below the "hump" (<1 mol/mol) does not seem to be greatly
influenced by the ammonia concentration, as long as the
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ammonia concentration is in excess (>1 mole of ammonia per
mole of added chlorine) (see Figure IV-12).  In this region
of the breakpoint curve the net TOX formation was not
influenced by initial mixing intensity at the "G" values
investigated (see Table IV-10).  The results from similar
experiments in this region of the breakpoint curve indicate
that TOX formation does increase as the chlorine dose
increases (see Table IV-10) but that the TOX formation does
not increase after the first minute, even in the presence of
substantial combined residuals for contact times up to two
hours (see Tables IV-9 and IV-11).
In the presence of excess ammonia (at chlorine-ammonia
ratios <1 mol/mol), TOX formation during the first minute
after chlorine addition could be explained by a number of
different mechanisms.  Two possible mechanisms are discussed
below:
- TOX formation could occur due to contact of the added
free chlorine with certain highly reactive TOX
precursors during the first minute of contact.  In
order to explain why the TOX formation did not
decrease with increasing ammonia concentration in the
experiments where excess ammonia was present (see
Figures IV-12 and IV-16). These TOX precursors would
need to be able to react much more quickly with free
chlorine than ammonia does. This would mean the
reaction of free chlorine with these TOX precursors
would be very fast since the chlorine-ammonia
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reactions are extremely rapid (Weil and Morris,
1949a}.
- TOX formation during the first minute of contact could
occur due to the reaction of NH„C1 with certain NHjCl-
sensitive TOX precursors.  These TOX precursors may be
present in limited numbers and may be exhausted within
the first minute, which may explain why additional TOX
formation was not detected at longer contact times.
These are only two of many other possible explanations.
Unfortunately, sufficient time was not available to properly
evaluate these and other alternatives.  In order to address
some of the above questions in future investigations, an
experiment could be conducted in which pre-formed combined
chlorine is added to samples instead of adding free chlorine
directly to samples containing both ammonia and organic
compounds.
V.  CONCLUSIONS AND RECOMMENDATIONS
A.  Conclusions from Field Studies
- TOX was produced as a result of effluent chlorination at
the three wastewater treatment plants in amounts of 50 to
150 ug/L as CI.
- TOX was detected in the unchlorinated wastewater at all
three wastewater treatment plants on all sample visits.
The TOX concentrations in the unchlorinated effluent at
the three facilities were 87-160 ug/L at Chapel Hill, 130-
230 ug/L at Durham, and 159 ug/L at Greensboro.
- The TOX formation resulting from wastewater chlorination
at all three facilities was equivalent to, and often less
than, the amount of TOX present in the unchlorinated
wastewater.
- The TOX formation at all three facilities was similar even
though the chlorine dosage and the effluent quality was
different at these facilities.
- THM concentrations in the chlorinated effluent at Chapel
Hill were barely detectable.  THM concentrations were
greater at Durham than at Chapel Hill but still were not
very significant (<20 ug/L produced before discharge into
the receiving stream).
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- Free chlorine residuals and additional TOX and THM
formation were not detected at downstream points in the
chlorine contact facilities after chlorine addition.  TOX
formation occurred as the chlorine was added to the
wastewater but free chlorine was quickly consumed by
ammonia and other reduced species leaving no free chlorine
available for continued TOX formation after the first few
minutes (seconds?) after chlorine addition.
B.  Conclusions from Laboratory Studies
- TOX formation increased over time as long as a free
residual was present in the wastewater.  The same was true
for THM formation.  Both reactions halted when the free
residual was consumed.
- Combined residuals did not produce detectable increases in
TOX and THM formation within two hours of contact time
under the conditions tested.
- Most of the TOX formation in the laboratory experiments
occurred in the first minute after chlorine addition, with
some additional TOX formed at later times as long as a
free chlorine residual persisted.  By contrast, THM
formation was not significant unless enough chlorine was
added to produce a substantial free residual for several
minutes. Under these conditions, most of the resulting
THMs were formed after the first minute of contact with
the added chlorine.
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- The initial  mixing intensity  at the  point  of  chlorine
addition had no effect  on TOX formation in wastewater
under  the  conditions tested   (chlorine-ammonia ratios  <  1
mol/mol   and mixing  intensities  between  300-700  s~  ).
- In laboratory  experiments in which  the chlorine dose was
constant  and the ammonia concentration was varied,   TOX and
THM formation were  substantially decreased when enough
ammonia was added to wastewater  to drop the chlorine-
ammonia ratio to the breakpoint or  below.
.   TOX and THM formation were  shown to be  fairly
insensitive to the actual ammonia concentration (or
chlorine-ammonia ratio) as long as the chlorine-ammonia
ratio was below the "hump" of the breakpoint curve. TOX
formation was not influenced by mixing intensity (under
the conditions tested) in this region of the breakpoint
curve. TOX formation did increase as the chlorine dose
increased in this region of  the breakpoint  curve.
.   Between the  "hump" and the dip of  the breakpoint  curve,
TOX and THM formation were  shown to be  fairly sensitive
to the actual  ammonia concentration   (or  chlorine-ammonia
ratio).
C.     Recommendations for  Further  Research
1.     Supplementary Research
In follow-up studies to the  experiments described in
this report,  more emphasis should probably be placed on the
nature  of   the  non-volatile   (non-purgeable)   fraction of  the
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TOX.     In drinking water,   monitoring the volatile fraction of
TOX,   especially THMs,   is  important  because  the THMs formed
are likely to remain in the water because  the distribution
system  is  closed to the atmosphere.     However,   most
chlorinated wastewater  effluents are discharged into  surface
waters and  so any  THMs  or  other  POX produced will probably
not be  present for very  long in the  receiving  stream  since
the water  is exposed to the atmosphere.     Therefore,   the most
important wastewater  chlorination by-products to monitor
(due  to their persistence)   are probably NPOX,   combined
chlorine  residuals,   and N-chloro-organics   (also  inorganic
bromamines and N-bromo-organics  if Br     is present).
In light of   the  results of  the experiments in which  the
influence  of  added ammonia was evaluated,   a follow up study
of  the mixing  intensity  experiment  should include  some
samples in the regions between the  "hump" and the breakpoint
and after  the breakpoint.     Also,   if possible,   it might be
interesting to see  if  a broader  range  or  a different range
of  mixing  intensities would produce  different  results.
Follow  up experiments could be  conducted at higher
chlorine  doses to evaluate the influence  of  ammonia
concentration on TOX formation.     The  resulting mass of  TOX
(and THMs)   produced at the higher chlorine dose would be
greater  and this would perhaps make  it easier  to detect  the
trends  in the data,  especially  in the critical   region of  the
breakpoint  curve between the  "hump" and the breakpoint.
Also,   in these  follow  up experiments,   it would be  beneficial
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to use longer contact times to allow TOX and THM formation
to go to completion at chlorine-ammonia ratios past the
breakpoint.
2.  Complementary Research
Additional research related to the investigation
discussed in this report could include examination of the
interaction between the disinfection, TOX formation, and
combined residual formation processes during wastewater
chlorination.  This could include the simultaneous
investigation of TOX formation and coliform (or other
biological indicator) inactivation at various chlorine-
ammonia ratios.  During this type of investigation, some
effort could be devoted to quantifying the amounts of
"disinfection" (coliform inactivation) and TOX formation
occurring at the time of chlorine addition ("initial kill")
and at later times when only combined residuals are present
(Selleck et al., 1978).  Both TOX and disinfection have been
investigated in similar type studies, but not
simultaneously.
Further investigations could also include an evaluation
of the possible mechanisms by which TOX forms during the
first minute after chlorine addition, especially when excess
ammonia is present.  Two alternatives, TOX formation due to
the added free chlorine or due to the NH^Cl formed shortly
after chlorine addition, were discussed earlier. These two
alternatives could be evaluated in a series of experiments
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comparing TOX formation resulting from the addition of pre¬
formed NH2CI and from the addition of free chlorine.  These
experiments, especially if conducted in parallel with other
experiments, could provide valuable information pertinent to
both water and wastewater treatment.
Inspection of the field data (see Table IV-5) shows that
the TOX formation seemed to decrease as the temperature
increased (even though the TOC was nearly constant and the
ammonia concentration was constant or decreasing with
increasing temperature).  The amount of information
collected from the field observations is not large enough to
make any definite conclusions about the influence of
temperature.  However, it would be appropriate in a future
investigation to confirm the above observation 1) at the
three facilities (Chapel Hill, Durham, and Greensboro) over
longer periods of time and 2) at other facilities in other
areas.
If the above observation is confirmed at other
facilities, then the next step would be to discern whether
the effect of temperature on TOX formation was chemical (due
to the changing competition of ammonia and organics for
HOCl) or biological (due to the changing degree of
biological treatment achieved at different temperatures
during the changing seasons.   The former can be
IThere could also be a seasonal change in the organic
material coming into the wastewater treatment plant.
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illustrated by reacting wastewater samples at constant
conditions except for varying temperature.  The latter can
perhaps be confirmed in the field by performing formation
potentials (in which the chlorine dose and the ammonia are
constant) on wastewater samples collected at different times
of the year.  The TOC of these samples would need to be
measured in order to normalize the TOX results as TOX yields
per mole of TOC.
The impact and persistence of TOX present in chlorinated
wastewater effluents needs to be evaluated in future
studies.  The impact of these compounds on downstream public
drinking water supplies and downstream aquatic life are two
areas to be investigated.  These studies, like the studies
attempting to evaluate the impact of wastewater disinfection
on downstream water quality, are going to be difficult to
evaluate.
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APPENDIX A
Summary of Field Results
Results from all sampling trips are summarized in this
section of the report.  Figures A-1, A-2, and A-3 illustrate
the location of the sampling points at Durham, Chapel Hill,
and Greensboro.  Each figure is followed by tables
summarizing the results from each of the different sampling
trips to these facilities (three from Durham, four from
Chapel Hill, and one from Greensboro).
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LEGEND:
DURHAM NORTHSIDE SAMPLES
Sample Label
TOX/TTHM
Free Residual Clj/Total Residual  CI-
D-IN
D-Out
Figure A-1   - Location of the Three Sampling Points at the
Durham Northside Wastewater Treatment Plant
Table A-ͣla.   DURHAM N
Date
TOC
COD.
Temperature
pH
Chlorine dose
1/11/84
28. mg/1 as C
115. mg/1 as °2
8.
11. gg/1 as
N'-
6.7
6.2 mg/1 as CI2
Sample Location DPP ReBJdual Chljcine
Fcee JlaLaL.
mg/1 as CI,    nig/1 as CI,
ͣ IHH'.B-
£li£Io.
ug/1
jmm
ug/l
TOX'
ug/1 as CI
D-In
D-Out
D-Ditch
0
0.5
0.7
0
1.1
0.75
13
39
31
13
39
31
129
230*'
214 1 30 (2)
^Replicates listed separately or given as means l 1.0 standard deviation with the number of replicates in ().
^Plus one additional replicate of 537 ug/L as CI not included in calculating the mean.
Table A-lb.     DORHAM MOSIHSIDB  FIELD SAMPLES
Date
TOC
COD
NH.   -N
Temperature
PH
Chlorine  dose
3/19/84
68. mg/l as C
188. mg/l as 0,
gg/1 as N^*11.2
15.
6.8
4.5 mg/l as CI2
Sample Location PPP PesidPftl ChlQcine
Ffgg Total
mg/l as CI2 mg/l  as CI2
TOX'
ug/1  as CI
D-In
D-Out
D-Ditch
0
0.8
0.8
0
1.3
1.1
135  + 8   (5)
250  ±  14   (2)
252  + 21   (4)
^Replicates listed separately or given as means ± 1.0 standard deviation witb the number of  replicates in  ()
Table A-lc.       DURHAM NORnSZDB  FIELD SAMPLES
Date
TOC
COD.
Temperature
PH
Chlorine  dose
7/25/84
53. mg/l as C
97. mg/l as 0,
gg/1 as N"*5.
27.
6.7
5.8 mg/l as CI2
Sample Location DPp Residual  Chlorine TOX*
Free___________TPt.al
mg/l as CI- mg/l as CI- ug/1 as CI
D-In 0 0 226  + 37   (2)
D-Out 0.1 1.4 280  ±  4   (2)
D-Ditch 0.1 1.3 275 + 8   (2)
^Replicates listed separately or given as aeana ± 1.0 standard deviation with the number of  replicates listed in  ()
W
OWASA FIELD SAMPLES
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LEGEND:
From Secondary Clarifier
To Other
Set of CTo*
Contact Tanks
Sample Label
TOX/THM
Free Residual  Clp/Total  Residual  CI-
MORGAN
CREEK
C-IN
C-1.2C-2.2
C-1.3C-2.3
C-Out
Figure A-2 Location of the Eight Sampling Points at the
Chapel Hill ( OMASA ) Wastewater Treatment Plant
Table A-2a. OWASA FIELD SAMPLES
Date
TOC
COD
NH. -N
Temperature
PH
Chlorine dose
= 11/10/83
8. mg/1   as C
28. mg/1  as 0-
jgg/1  as N^0.06
22.
6.7
2.3 mg/1  as CI,
Sample Location DPP Residual Chlorine THM'B
Free JIoJLal-
rog/l as CI-    mg/1 as Cl_
£HC1. JdHU
TOX'
ug/i ug/1 ug/1  as CI
0 0 156  ± 1   (2)
2.6 3.0 213*'
2.9 3.4 200
3.0 3.6 204
2.9 3.4 214,257
4.0 4.5 189
C-In
C-1.1
C-1.2
C-1.3
C-2.1
C-2.2
C-2.3
C-Out
0
0
0
0
0.1
0.25
0.20
0.25
0.25
0.25
^Replicates listed separately or given as mean l 1.0 standard deviation with the number of replicates in ().
""plus one additional replicate of 354 ug/L as CI not included in calculating the mean.
Table A-2b.        OHASA FIELD SAMPLES
Date
TOO
COD.
NH.   -N
Temperature
PH
Chlorine  dose
1/6/84
7.5 mg/1 as C
28. mg/1 as 0,
gg/1 as N""0.05
13.
6.7
2.4 mg/1 as CI2
Sample Location DPP Residual Chlorine raw 8 TOX"
Free Total SMS1-,
ug/l
TTHJJ
ug/1mg/1 as CI2 »g/l as Uj ng/1 as d
0 0 1 1 135
0.5 0.95 5 6 288 ±  4 (2)
0.25 0.75 8 10 293
0.15 0.80 6 11 274
0.15 0.15 5 5 201
0.20 0.20 4 4 212 + 51 (3)
0.15 0.20 4 5 217
0.15 0.45 6 7 208 + 23 (2)
C-ln
C-1.1
C-1.2
C-1.3
C-2.1
C-2.2
C-2.3
C-Out
Replicates listed separately or  given as mean + 1.0  standard deviation with  the number of  replicates in   {)
Plus one additional   replicate of  447 ug/1 as Cl~ not included in calculating the mean. U)
Table A-2c. OHASA  FIELD SAMPLES
Date
TOC
COD.
NH-   -N
Temperature
PH
Chlorine dose
3/23/84
7.3 mg/l as  C
18. mg/l as 0,
gg/1  as U*0.06
17.
6.3
1.2 rog/1 as Clj
Sample Location DPP Residual  Chlocipe
.IXSS. Tpt9l
mg/l as ^2 rog/1 as Clj
0 0
0.4 0.55
0.15 0.25
0.10 0.20
0.20 0.60
0.05 0.25
0.05 0.30
0.10 0.20
TOX
ug/1 as Cl
C-In
C-1.1
C-1.2
C-1.3
C-2.1
C-2.2
C-2.3
C-Out
87+6   (3)"
221  + 0   (2)
200  + 9   (3)
212 + 13   (3)
216  + 22   (4)
213 + 5 (3)
227 + 9 (4)
202  + 3   (2)
Replicate listed separately  or  given as mean ± 1.0  standard deviation with  the number  of   replicates in   {).
.Plus one additional   replicate of  138 ug/1 as Cl~ not included in calculating the mean.
H
U)
00
Table A-2d. OH AS A  FIELD SAMPLES
Date
TOC
COD.
NH.   -N
Temperature
PH
Chlorine dose
7/25/84
11. mg/1 as C
22. mg/1  as 0,gg/1  as N"*
c
0.05
27.
6.6
1.5 rog/1 as 0-2
Sample Location
Free Total
mg/1 as 0-2 mg/1  as 0-2
0 0
0.2 0.4
0.1 0.3
trace 0.2
trace 0.2
0.1 0.2
0.0 0.2
0.0 0.2
TOX
ug/1  as a
C-In
C-1.1
C-1.2
C-1.3
C-2.1
C-2.2
C-2.3
C-Out
138 + 20   (3)
180 1 8   (2)
176  + 4   (2)''
197  + 29   (3)
185  + 7   (2)
195  + 21   (2)
181 + 3   (20
197  + 9   (3)
^Replicates listed separately or  given as means ± 1.0  standard deviation with the number of  replicates in  ().
""plus  one additional   replicate of 423 ug/1 as Cl~ not included in the mean.
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LEGEND:
GREENSBORO FIELD SAMPLES
Sample Label
TOX/TTHM
Free Residual  Cl2/Total Residual Clg
G-2A
Nitrified
and
Filtered
Effluent
Discharge
Fifiiire A-3 - Location of the Seven Sampling Locations at the
Greensboro North Buffalo Wastewater Treatment Plant
Table A-3. GREENSBORO  FIELD SAMPLES
Date
TOC
COD
NH-   -N
Temperature
PH
Chlorine dose
10/8/84
15. mg/l as C
33. mg/1 as 0,
gg/1 as N0.8423.
6.3
1.85 mg/l as CLj
Sample Location PPp. PfigidugX .Chlor in.e
JXS&. Total
mg/l as 01> mg/l as CI2
0 0
0 0.7
0 0.65
0 0.60
0 0.60
0 0.65
0 0.50
TOX"
ug/1 as CI
G-In
G-IA
G-2A
G-3A
G-4A
G-IB
G-2B
159 ± 1   (2)
266 ± 9   (2)
257
255
270  + 4   (2)
251
282  + 12   (3)
^Replicates listed separately or given as neans +1.0 standard deviation with the number of  replicates in  ().
APPENDIX  B
Statistical  Significance  of  the Results from
the Mixing  Intensity Experiment
Visual   inspection of  the results from the experiment
conducted to investigate the influence  of   initial mixing
intensity   (see Section IV-B-2,   including Table  IV-10 and
Figures  IV-9a and IV-9b)   seems to indicate  that the TOX
production was  unaffected by the initial mixing intensity
under  conditions tested.     In order  to confirm this
observation,   the cell means at each  of  the four mixing
intensities at a given chlorine dose were analyzed using
Tukey and Scheffe pairwise comparisons   (SAS,   1982,  and
Kleinbaum and Kupper,   1978).     The  results of   these
comparisons,   illustrated in Table B-1,   indicate  that,   except
for  one  "outlier" at G=512 s~    and CL2 = 5.23 mg/1,   the cell
means were not  significantly different except  at
significance levels less than 50 percent.
It  should be  noted that  the above  experiment was
conducted to  see  if mixing intensity would increase  or
decrease TOX formation.     To prove this,   it would have been
necessary to show a progression   (either  increasing or
decreasing)   with  changing G  values.     However,   the above
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statistical techniques compared all paris of cell means at a
given chlorine dose (in other words, the net TOX formation
at a given G was compared with the net TOX formation at each
of the other three G's).  Therefore, the above results of
these pairwise comparisons show that not only was there no
general trend in the data (towards increasing or decreasing
the TOX formation with increasing G) but the results also
showed that even if the randomness of the data was accounted
for, the means were all essentially the same.
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#^ Table B-1
Minimum Alpha Value at Which a Given Sample Was
Statistically Different from Othet Samples at the
Same Chlorine Dose
Intensity (s  )      GEAR    288    372
Mixing
513   728
CHLORINE
DOSE (mq/L)
1 1.31 0.6
2 2.62 - 0.5 0.9
3 3.92 - 0.9 -
4 5.23 - 0.6 0.1
a Samples were judged "statistically different" when the TOX
values at a given "G" were shown to be statistically
different from at least two of the other "G's" based on
Tukey or Scheffe pairwise comparisons of cell means.
^
